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• Emissions of greenhouse gases (GHGs) and aerosols and their cycling
through the Earth system (Blanco et al., 2014; Ciais et al., 2014).

• Human responses to climate change through mitigation and
adaptation, which can require both global and regional approaches
(e.g., Agrawala et al., 2014; Somanathan et al., 2014; Stavins et al.,
2014; see also Chapters 14 to 16). 

Detailed examples of these elements are referred to throughout this
chapter and the regional ones that follow. Some of the more important
international political groupings that are pertinent to the climate change
issue are described and cataloged in on-line supplementary material

(Section SM21.1). Table SM21-1 lists United Nations member states and
other territories, their status in September 2013 with respect to some
illustrative groupings of potential relevance for international climate
change policy making, and the regional chapters in which they are
considered in this report. 

Finally, new global socioeconomic and environmental scenarios for
climate change research have emerged since the AR4 that are richer and
more diverse and offer a higher level of regional detail than previous
scenarios taken from the IPCC Special Report on Emissions Scenarios
(SRES). These are introduced in Box 21-1. 

Box 21-1 | A New Framework of Global Scenarios for Regional Assessment

The major socioeconomic driving factors of future emissions and their effects on the global climate system were characterized in the

TAR and AR4 using scenarios derived from the IPCC Special Report on Emissions Scenarios (SRES; IPCC, 2000a). However, these

scenarios are becoming outdated in terms of their data and projections, and their scope is too narrow to serve contemporary user

needs (Ebi et al., 2013). More recently a new approach to developing climate and socioeconomic scenarios has been adopted in

which concentration trajectories for atmospheric greenhouse gases (GHGs) and aerosols were developed first (Representative

Concentration Pathways (RCPs); Moss et al., 2010), thereby allowing climate modeling work to proceed much earlier in the process

than for SRES. Different possible Shared Socioeconomic Pathways (SSPs), intended for shared use among different climate change

research communities, were to be determined later, recognizing that more than one socioeconomic pathway can lead to the same

concentrations of GHGs and aerosols (Kriegler et al., 2012). 

Four different RCPs were developed, corresponding to four different levels of radiative forcing of the atmosphere by 2100 relative to

preindustrial levels, expressed in units of W m–2: RCP8.5, 6.0, 4.5, and 2.6 (van Vuuren et al., 2012). These embrace the range of

scenarios found in the literature, and all except RCP8.5 also include explicit stabilization strategies, which were missing from the

SRES set. An approximate mapping of the SRES scenarios onto the RCPs on the basis of a resemblance in radiative forcing by 2100 is

presented in Chapter 1, pairing RCP8.5 with SRES A2 and RCP 4.5 with B1 and noting that RCP6.0 lies between B1 and B2. No SRES

scenarios result in forcing as low as RCP2.6, though mitigation scenarios developed from initial SRES trajectories have been applied

in a few climate model experiments (e.g., the E1 scenario; Johns et al., 2011).

In addition, five SSPs have been proposed, representing a wide range of possible development pathways (van Vuuren et al., 2013).

An inverse approach is applied, whereby the SSPs are constructed in terms of outcomes most relevant to IAV and mitigation analysis,

depicted as challenges to mitigation and adaptation. Narrative storylines for the SSPs have been outlined and preliminary quantifications

of the socioeconomic variables are underway (O'Neill et al., 2013). Priority has been given to a set of basic SSPs with the minimum

detail and comprehensiveness needed to provide inputs to impacts, adaptation, and vulnerability (IAV), and integrated assessment

models, primarily at global or large regional scales. Building on the basic SSPs, a second stage will construct extended SSPs, designed

for finer-scale regional and sectoral applications (O’Neill et al., 2013).

An overall scenario architecture has been designed for integrating RCPs and SSPs (Ebi et al., 2013; van Vuuren et al., 2013), for

considering mitigation and adaptation policies using Shared Policy Assumptions (SPAs; Kriegler et al., 2013) and for providing relevant

socioeconomic information at the scales required for IAV analysis (van Ruijven et al., 2013). Additional information on these scenarios

can be found in Section 1.1.3 and elsewhere in the assessment (Blanco et al., 2014; Collins et al., 2014a; Kunreuther et al., 2014).

However, owing to the time lags that still exist between the generation of RCP-based climate change projections in the Coupled

Model Intercomparison Project Phase 5 (CMIP5; Taylor et al., 2012) and the development of SSPs, few of the IAV studies assessed in

this report actively use these scenarios. Instead, most of the scenario-related studies in the assessed literature still rely on the SRES.
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Figure 21-9 | Mean (top panels) and standard deviation (bottom panels) in future-minus-present (2050s minus 1990s) MDA8 summer ozone concentrations across (lefthand 
panels) all seven experiments (five regional and two global) and for comparison purposes (righthand panels), not including the WSU experiment (which simulated July-only 
conditions). The different experiments use different pollutant emission and Special Report on Emission Scenarios (SRES) greenhouse gas (GHG) emission scenarios. The pollutant 
emissions are the same in the present and future simulations (Weaver et al., 2009).

Left panels: all seven experiments (5 regional and two global) Right panels: all experiments except the WSU experiment

Summer ozone (MDA8 O3) concentration mean changes (top panels) and standard deviations (bottom panels)
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21.4.1.2. Trade and Financial Flows
as Factors Influencing Vulnerability

The increasingly international nature of trade and financial flows
(commonly referred to as globalization), while offering potential benefits
for economic development and competitiveness in developing countries,
also presents high exposure to climate-related risks for some of the
populations already most vulnerable to climate change (Leichenko and
O’Brien, 2008). Examples of these risks, explored further in Chapters 7
to 9, 12, 13, and 19, include:
• Severe impacts of food price spikes in many developing countries

(including food riots and increased incidence of child malnutrition)
such as occurred in 2008 following shortfalls in staple cereals, due
to a coincidence of regional weather extremes (e.g., drought) in
producer countries, the reallocation of food crops by some major
exporters for use as biofuels (an outcome of climate policy; see
previous section), and market speculation (Ziervogel and Ericksen,
2010). Prices subsequently fell back as the world economy went
into recession, but spiked again in early 2011 for many of the same
reasons (Trostle et al., 2011), with some commentators predicting
a period of rising and volatile prices due to increasing demand and
competition from biofuels (Godfray et al., 2010).

• A growing dependence of the rural poor on supplementary income
from seasonal urban employment by family members and/or on
international financial remittances from migrant workers (Davies
et al., 2009). These workers are commonly the first to lose their jobs
in times of economic recession, which automatically decreases the
resilience of recipient communities in the event of adverse climate
conditions. On the other hand, schemes to provide more effective

communication with the diaspora in times of severe weather and
other extreme events can provide rapid access to resources to aid
recovery and reduce vulnerability (Downing, 2012).

• Some aspects of international disaster relief, especially the provision
of emergency food aid over protracted periods, has been cited as an
impediment to enhancing adaptive capacity to cope with climate-
related hazards in many developing countries (Schipper and Pelling,
2006). Here, international intervention, while well-intentioned to
relieve short-term stress, may actually be counterproductive in regard
to the building of long-term resilience.

21.4.1.3. Sensitivity of International Trade to Climate

Climate trends and extreme climate events can have significant
implications for regional resource exploitation and international trade
flows. The clearest example of an anticipated, potentially major impact
of climate change concerns the opening of Arctic shipping routes as well
as exploitation of mineral resources in the exclusive economic zones
(EEZs) of Canada, Greenland/Denmark, Norway, the Russian Federation,
and the USA (Figure 21-11, see also Section 28.3.4).

For instance, the Community Climate System Model 4 (CCSM4) climate
and sea ice model has been used to provide projections under RCP4.5,
RCP6.0, and RCP8.5 forcing (see Box 21-1) of future accessibility for
shipping to the sea ice hazard zone of the Arctic marine environment
defined by the International Maritime Organization (IMO) (Stephenson
et al., 2013; Figure 21-11, central map). Results suggest that moderately
ice-strengthened ships (Polar Class 6), which are estimated under
baseline (1980–1999) conditions to be able to access annually about
36% of the IMO zone, would increase this access to 45 to 48% by
2011–2030, 58 to 69% by 2046–2065, and 68 to 93% by 2080–2099,
with almost complete accessibility projected for summer (90 to 98% in
July to October) by the end of the century (Stephenson et al., 2013). The
robustness of those findings was confirmed using seven sea ice models
in an analysis of optimal sea routes in peak season (September) for
2050–2069 under RCP4.5 and RCP8.5 forcing (Smith and Stephenson,
2013). All studies imply increased access to the three major cross Arctic
routes: the Northwest Passage, Northern Sea Route (part of the Northeast
Passage), and Trans-Polar Route (Figure 21-11), which could represent
significant distance savings for trans-continental shipping currently
using routes via the Panama and Suez Canals (Stephenson et al., 2011).

Indeed, in 2009, two ice-hardened cargo vessels—the Beluga Fraternity
and Beluga Foresight—became the first to successfully traverse the
Northeast Passage from South Korea to The Netherlands, a reduction of
5500 km and 10 days compared to their traditional 20,000-km route
via the Suez Canal, translating into an estimated saving of some
US$300,000 per ship, including the cost of standby icebreaker assistance
(Smith, 2009; Det Norsk Veritas, 2010). A projection using an earlier
version of the CCSM sea ice model under the SRES A1B scenario, but
offering similar results (with forcing by mid-century lying just below
RCP8.5; Figure 1-5a), is presented in Figure 21-11 (peripheral maps),
which also portrays winter transportation routes on frozen ground.
These routes are heavily relied on for supplying remote communities
and for activities such as forestry and, in contrast to the shipping routes,
are projected to decline in many regions.
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possible that this group of refugees will increase in the future and their
needs and rights will need to be taken into consideration (Brown, 2008).
The Nansen Initiative, put forward jointly by Norway and Switzerland at
a 2011 ministerial meeting, pledges “to cooperate with interested states
and relevant actors, including UNHCR, to obtain a better understanding
of cross-border movements provoked by new factors such as climate
change, identify best practices and develop a consensus on how best
to protect and assist those affected,” and may eventually result in a
soft law or policy framework (Kolmannskog, 2012). However, migration
should not always be regarded as a problem; in those circumstances
where it contributes to adaptation (e.g., through remittances) it can be
part of the solution (Laczko and Aghazarm, 2009). 

21.4.3. Migration of Natural Ecosystems 

One of the more obvious consequences of climate change is the
displacement of biogeographical zones and the natural migration of
species (see Chapters 4, 6, 19). General warming of the climate can be
expected to result in migration of ecosystems toward higher latitudes
and upward into higher elevations (Section 4.3.2.5) or downward to
cooler depths in marine environments (Section 6.3.2.1). Species shifts
are already occurring in response to recent climate changes in many
parts of the world (Rosenzweig et al., 2008), with average poleward
shifts in species’ range boundaries of 6 km per decade being reported
(Parmesan et al., 2011).

Study of the estimated shifts of climatic zones alone can provide insights
into the types of climatic regimes to anticipate under projected future
anthropogenic climate change. By grouping different combinations and
levels of climatic variables it is possible not only to track the shifts in
the zones in which they occur, but also to identify newly emerging
combinations of conditions not found at the present day as well as
combinations that may not survive global climate change (known
respectively as novel and disappearing climates; Williams et al., 2007;
see also Section 19.5.1). These analyses can help define what types of
climatic niches may be available in the future and where they will be
located. Such a spatial analog approach can delimit those regions that
might currently or potentially (in the future) be susceptible to invasion
by undesirable aquatic (e.g., EPA, 2008) or terrestrial (e.g., Mainka and
Howard, 2010) alien species or alternatively might be candidates for
targeting translocation (assisted colonization) of species endangered
in their native habitats (e.g., Brooker et al., 2011; Thomas, 2011). However,
there are many questions about the viability of such actions, including
genetic implications (e.g., Weeks et al., 2011), inadvertent transport of
pests or pathogens with the introduced stock (e.g., Brooker et al., 2011),
and risk of invasiveness (e.g., Mueller and Hellmann, 2008).

The ability of species to migrate with climate change must next be judged,
in the first instance, against the rate at which the climatic zones shift over
space (e.g., Loarie et al., 2009; Burrows et al., 2011; Diffenbaugh and
Field, 2013; see also Section 4.3.2.5). For projecting potential future
species shifts, this is the most straightforward part of the calculation.
In contrast, the ecological capacity of species to migrate is a highly
complex function of factors, including their ability to:
• Reproduce, propagate, or disperse
• Compete for resources

• Adapt to different soils, terrain, water quality, and day length
• Overcome physical barriers (e.g., mountains, water/land obstacles)
• Contend with obstacles imposed by human activity (e.g., land use,

pollution, or dams).

Conservation policy under a changing climate is largely a matter of
promoting the natural adaptation of ecosystems, if this is even feasible
for many species given the rapidity of projected climate change. Studies
stress the risks of potential mismatching in responses of co-dependent
species to climate change (e.g., Schweiger et al., 2012) as well as the
importance of maintaining species diversity as insurance for the provision
of basic ecosystem services (e.g., Traill et al., 2010; Isbell et al., 2011).
Four priorities have been identified for conservation stakeholders to
apply to climate change planning and adaptation (Heller and Zavaleta,
2009): (1) regional institutional coordination for reserve planning and
management and to improve landscape connectivity; (2) a broadening
of spatial and temporal perspectives in management activities and
practice, and actions to enhance system resilience; (3) mainstreaming
of climate change into all conservation planning and actions; and (4)
holistic treatment of multiple threats and global change drivers, also
accounting for human communities and cultures. The regional aspects
of conservation planning transcend political boundaries, again arguing
for a regional (rather than exclusively national) approach to adaptation
policy. This issue is elaborated in Sections 4.4.2 and 19.4.2.3. 

21.5. Analysis and Reliability of
Approaches to Regional Impacts,
Adaptation, and Vulnerability Studies

Assessing climate vulnerability or options for adapting to climate impacts
in human and natural systems requires an understanding of all factors
influencing the system and how change may be effected within the
system or applied to one or more of the external influencing factors.
This will require, in general, a wide range of climate and non-climate
information and methods to apply this to enhance the adaptive capacity
of the system.

There are both areas of commonality across and differences between
regions in the information and methods, and these are explored in this
section. It initially focuses on advances in methods to study vulnerability
and adaptive capacity and to assess impacts (studies of practical
adaptation and the processes of adaptation decision making are treated
in detail in Chapters 14 to 17, so not addressed here). This is followed
by assessments of new information on, and thinking related to, baseline
and recent trends in factors needed to assess vulnerability and define
impacts baselines, and future scenarios used to assess impacts, changes
in vulnerability, and adaptive capacity; and then assessment of the
credibility of the various types of information presented.

21.5.1. Analyses of Vulnerability and Adaptive Capacity

Multiple approaches exist for assessing vulnerability and for exploring
adaptive capacity (UNFCCC, 2008; Schipper et al., 2010). The choice of
method is influenced by objectives and starting point (see Table 21-3)
as well as the type of information available. Qualitative assessments
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but pervasive problems encountered in impact modeling. A sample of
recent papers illustrate the variety of issues being highlighted, for
example, forest model typology and comparison (Medlyn et al., 2011),
crop pest and disease modeling and evaluation (Sutherst et al., 2011;
Garrett et al., 2013), modeling responses to extreme weather events
(Lobell et al., 2010; Asseng et al., 2013), field experimentation for model
calibration and testing (Long et al., 2006; Craufurd et al., 2013), and
data quality considerations for model input and calibration (Lobell,
2013). Greater attention is also being paid to methods of economic
evaluation of the costs of impacts and adaptation at scales ranging
from global (e.g., UNFCCC, 2007; Nelson et al., 2009b; Parry et al., 2009;
Fankhauser, 2010; Füssel, 2010a; Patt et al., 2010), through regional
(e.g., EEA, 2007; World Bank, 2010b; Ciscar et al., 2011; Watkiss, 2011b),
to national (SEI, 2009; Watkiss et al., 2011) and local levels (e.g., Perrels
et al., 2010).

21.5.3. Development and Application
of Baseline and Scenario Information

21.5.3.1. Baseline Information: Context,
Current Status, and Recent Advances

This section deals with defining baseline information for assessing climate
change IAV. The baseline refers to a reference state or behavior of a
system, for example, current biodiversity of an ecosystem, or a reference
state of factors (e.g., agricultural activity, climate) that influence that
system (see Glossary). For example, the UNFCCC defines the preindustrial
baseline climate, prior to atmospheric composition changes from its
baseline preindustrial state, as a reference for measuring global average
temperature rises. A baseline may be used to characterize average
conditions and/or variability during a reference period, or may allude to
a single point in time, such as a reference year. It may provide information
on physical factors such as climate, sea level, or atmospheric composition,
or on a range of non-climate factors, such as technological, land use, or
socioeconomic conditions. In many cases a baseline needs to capture
much of a system’s variability to enable assessment of its vulnerability
or to test whether significant changes have taken place. Thus the
information used to establish this baseline must account for the variability
of the factors influencing the system. In the case of climate factors often
this requires 30 years of data (e.g., Jones et al., 1997) and sometimes
substantially more (e.g., Kendon et al., 2008). In addition, temporal and
spatial properties of systems will influence the information required. Many
depend on high-resolution information, for example, urban drainage
systems (high spatial scales) or temperature-sensitive organisms (sub-
daily time scales). This section assesses methods to derive relevant
climatic and non-climatic information and its reliability.

21.5.3.1.1. Climate baselines and their credibility

Observed weather data are generally used as climate baselines, for
example, with an impacts model to form a relevant impacts baseline,
though downscaled climate model data are now being used as well. For
example, Bell et al. (2012) use dynamically and statistically downscaled
hourly rainfall data with a 1-km river flow model to generate realistic
high-resolution baseline river flows. These were then compared with

future river flows derived used corresponding downscaled future climate
projections to generate projected impacts representing realistic responses
to the imposed climate perturbations. This use of high-resolution data
was important to ensure that changes in climate variability that the
system was sensitive to were taken into account (see also Hawkins et
al., 2013). Underscoring the importance of including the full spectrum
of climate variability when assessing climate impacts, Kay and Jones
(2012) showed a greater range of projected changes in UK river flows
resulted when using high time resolution (daily rather than monthly)
climate data.

Thus to develop the baseline of a climate-sensitive system it is important
to have a good description of the baseline climate, thus including
information on its variability on time scales of days to decades. This
has motivated significant efforts to enhance the quality, length, and
homogeneity of, and make available, observed climate records (also
important for monitoring, detecting, and attributing observed climate
change; Bindoff et al., 2014; Hartmann et al., 2014; Masson-Delmotte
et al., 2014; Rhein et al., 2014; Vaughan et al., 2014). This has included
generating new data sets such as Asian Precipitation – Highly Resolved
Observational Data Integration Towards Evaluation (APHRODITE, a gridded
rain-gauge based data set for Asia; Yatagai, et al., 2012), coordinated
analyses of regional climate indices and extremes by Climate Variability
and Predictability Programme (CLIVAR)’s Expert Team on Climate Change
Detection and Indices (ETCCDI) (see, e.g., Zhang et al., 2011), and data
rescue work typified by the Atmospheric Circulation Reconstructions
over the Earth (ACRE) initiative (Allan et al., 2011), resulting in analysis
and digitization of many daily or sub-daily weather records from all over
the world. Also, estimates of uncertainty in the observations are either
being directly calculated, for example, for the Hadley Centre/climatic
research unit gridded surface temperature data set 4 (HadCRUT4) near-
surface temperature record (Morice et al., 2012), or can be generated
from multiple data sets, for example, for precipitation using data sets
such as Global Precipitation Climatology Centre (GPCC; Rudolf et al.,
2011), Tropical Rainfall Measuring Mission (TRMM; Huffman et al.,
2010), and APHRODITE (Yatagi et al., 2012). 

Significant progress has also been made in developing improved and
new global reanalyses. These use climate models constrained by long time
series of observations from across the globe to reconstruct the temporal
evolution of weather patterns during the period of the observations. An
important new development has been the use of digitized surface
pressure data from ACRE by the 20th Century Reanalysis (20CR) project
(Compo et al., 2011) covering 1871 to the present day. 20CR provides
the basis for estimating historical climate variability from the sub-daily
to the multi-decadal time scale (Figure 21-12) at any location. It can be
used directly, or via downscaling, to develop estimates of the baseline
sensitivity of a system to climate and addressing related issues such as
establishing links between historical climate events and their impacts.
Other advances in reanalyses (http://reanalyses.org) have focused on
developing higher quality reconstructions for the recent past. They
include a new European Centre for Medium Range Weather Forecasts
Reanalyses (ERA) data set, ERA-Interim (Dee et al., 2011), and the
NASA Modern Era Reanalysis for Research and Applications (MERRA;
Rienecker et al., 2011), 1979 to the present, the National Centers for
Environmental Prediction (NCEP) Climate Forecast System Reanalysis
(CFSR), 1979 to January 2010 (Saha et al., 2010), and regional reanalyses



1180

Chapter 21                                                                                                                                                                                           Regional Context

21

such as the North American Regional Reanalysis (NARR; Mesinger et
al., 2006) and European Reanalysis and Observations for Monitoring
(EURO4M; http://www.euro4m.eu/).

In many regions high temporal and spatial resolution baseline climate
information is not available (e.g., World Weather Watch, 2005; Washington
et al., 2006). Recent reanalyses may provide globally complete and
temporally detailed reconstructions of the climate of the recent past
but generally lack the spatial resolution or have significant biases (Thorne
and Vose, 2010; Cerezo-Mota et al., 2011; Dee et al., 2011). Downscaling
the reanalyses can be used with available observations to estimate the
error in the resulting reconstructions, which can often be significant
(Duryan et al., 2010; Mearns et al., 2012). Advances in this area are

expected through the World Climate Research Programme (WCRP)-
sponsored Coordinated Regional Downscaling Experiment (CORDEX)
project (http://wcrp.ipsl.jussieu.fr/SF_RCD_CORDEX.html; Giorgi et al.,
2009), which includes downscaling ERA-Interim over all land and
enclosed sea areas (e.g., Nikulin et al. 2012).

21.5.3.1.2. Non-climatic baselines and their credibility

Climate-sensitive systems can be influenced by many non-climatic factors,
so information on the baseline state of these factors is also commonly
required (Carter et al., 2001, 2007). Examples of physical non-climatic
factors include availability of irrigation systems, effectiveness of disease
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{22.4.4, 22.4.6} Given multiple uncertainties in the African context, successful adaptation will depend on building resilience. {22.4-6} Options for

pro-poor adaptation/resilient livelihoods include improved social protection, social services, and safety nets; better water and land governance

and tenure security over land and vital assets; enhanced water storage, water harvesting, and post-harvest services; strengthened civil society

and greater involvement in planning; and more attention to urban and peri-urban areas heavily affected by migration of poor people. {22.4.2,

22.4.4-6}

Growing understanding of the multiple interlinked constraints on increasing adaptive capacity is beginning to indicate potential

limits to adaptation in Africa (medium confidence). Climate change combined with other external changes (environmental, social, political,

technological) may overwhelm the ability of people to cope and adapt, especially if the root causes of poverty and vulnerability are not addressed.

Evidence is growing for the effectiveness of flexible and diverse development systems that are designed to reduce vulnerability, spread risk, and

build adaptive capacity. These points indicate the benefits of new development trajectories that place climate resilience, ecosystem stability,

equity, and justice at the center of development efforts. {22.4.6}

There is increased evidence of the significant financial resources, technological support, and investment in institutional and

capacity development needed to address climate risk, build adaptive capacity, and implement robust adaptation strategies (high

confidence). Funding and technology transfer and support is needed to both address Africa’s current adaptation deficit and to protect rural

and urban livelihoods, societies, and economies from climate change impacts at different local scales. {22.4, 22.6.4} Strengthening institutional

capacities and governance mechanisms to enhance the ability of national governments and scientific institutions in Africa to absorb and

effectively manage large amounts of funds allocated for adaptation will help to ensure the effectiveness of adaptation initiatives (medium

confidence). {22.6.4}

Climate change and climate variability have the potential to exacerbate or multiply existing threats to human security including

food, health, and economic insecurity, all being of particular concern for Africa (medium confidence). {22.6.1} Many of these

threats are known drivers of conflict (high confidence). Causality between climate change and violent conflict is difficult to establish owing to

the presence of these and other interconnected causes, including country-specific sociopolitical, economic, and cultural factors. For example, the

degradation of natural resources as a result of both overexploitation and climate change will contribute to increased conflicts over the distribution

of these resources. {22.6.1.1} Many of the interacting social, demographic, and economic drivers of observed urbanization and migration in

Africa are sensitive to climate change impacts. {22.6.1.2}

A wide range of data and research gaps constrain decision making in processes to reduce vulnerability, build resilience, and plan

and implement adaptation strategies at different levels in Africa (high confidence). Overarching data and research gaps identified

include data management and monitoring of climate parameters and development of climate change scenarios; monitoring systems to address

climate change impacts in the different sectors; research and improved methodologies to assess and quantify the impact of climate change on

different sectors and systems; and socioeconomic consequences of the loss of ecosystems, of economic activities, of certain mitigation choices

such as biofuels, and of adaptation strategies. {22.7}

Of nine climate-related key regional risks identified for Africa, eight pose medium or higher risk even with highly adapted systems,

while only one key risk assessed can be potentially reduced with high adaptation to below a medium risk level, for the end of

the 21st century under 2°C global mean temperature increase above preindustrial levels (medium confidence). Key regional risks

relating to shifts in biome distribution, loss of coral reefs, reduced crop productivity, adverse effects on livestock, vector- and water-borne

diseases, undernutrition, and migration are assessed as either medium or high for the present under current adaptation, reflecting Africa’s

existing adaptation deficit. {22.3.1-2, 22.3.4-5, 22.6.1.2} The assessment of significant residual impacts in a 2°C world at the end of the 21st

century suggests that, even under high levels of adaptation, there could be very high levels of risk for Africa. At a global mean temperature

increase of 4°C, risks for Africa’s food security (see key risks on livestock and crop production) are assessed as very high, with limited potential

for risk reduction through adaptation. {22.3.4, 22.4.5, 22.5, Table 22-6}
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22.1. Introduction

Africa as a whole is one of the most vulnerable continents due to its
high exposure and low adaptive capacity. Given that climatic and
ecological regions transcend national political boundaries, we have used
the divisions of Africa's Regional Economic Communities (RECs) to
structure the assessment within this chapter.

22.1.1. Structure of the Regions

The African continent (including Madagascar) is the world’s second
largest and most populous continent (1,031,084,000 in 2010) behind
Asia (UN DESA Population Division, 2013). The continent is organized
at the regional level under the African Union (AU).1 The AU’s Assembly
of Heads of State and Government has officially recognized eight
RECs (Ruppel, 2009). Except for the Sahrawi Arab Democratic Republic,2

all AU member states are affiliated with one or more of these RECs.
These RECs include the Arab Maghreb Union (AMU), with 5 countries
in Northern Africa; the Community of Sahel-Saharan States (CEN-SAD),
grouping 27 countries; the Common Market for Eastern and Southern
Africa (COMESA), grouping 19 countries in Eastern and Southern Africa;
the East African Community (EAC), with 5 countries; the Economic
Community of Central African States (ECCAS), with 10 countries; the
Economic Community of West African States (ECOWAS), with 15
countries; the Intergovernmental Authority on Development (IGAD) with
8 countries; and the Southern African Development Community (SADC),

with 15 countries. The regional subdivision of African countries into
RECs is a structure used by the AU and the New Partnership for Africa
(NEPAD). 

22.1.2. Major Conclusions from Previous Assessments

22.1.2.1. Regional Special Report and Assessment Reports 

Major concluions related to Africa from previous assessments are
summarized in Table 22-1.

22.1.2.2. Special Report on Managing the Risks of Extreme Events
and Disasters to Advance Climate Change Adaptation

The IPCC Special Report on Managing the Risks of Extreme Events and
Disasters to Advance Climate Change Adaptation (SREX; IPCC, 2012) is
of particular relevance to the African continent. There is low to medium
confidence in historical extreme temperature and heavy rainfall trends
over most of Africa because of partial lack of data, literature, and
consistency of reported patterns in the literature (Seneviratne et al., 2012).
However, most regions within Africa for which data are available have
recorded an increase in extreme temperatures (Seneviratne et al., 2012).
For projected temperature extreme there is high confidence that heat
waves and warm spell durations will increase, suggesting an increased
persistence of hot days (90th percentile) toward the end of the century

Report Major conclusions Reference

Special Report 
on the Regional 
Impacts of 
Climate Change

• Sensitivity of water resources and coastal zones to climatic parameters

• Identifi cation of climate change as an additional burden on an already stressful situation

• Major challenges for Africa: lack of data on energy sources; uncertainties linked to climate change scenarios (mainly for precipitation); need for integrated 
studies; and the necessary links between science and decision makers

Zinyowera 
et al. (1997)

Third 
Assessment 
Report

• Impacts of climate change on and vulnerability of six sectors: water resources; food security; natural resources and biodiversity management; health; 
human settlements and infrastructure; desertifi cation

• Adaptation strategies for each of the sectors

• Threats of desertifi cation and droughts to the economy of the continent

• Suggestion of adaptation options: mainly linked with better resource management

• Identifi cation of research gaps and needs: capacity building; data needs; development of integrated analysis; consideration of literature in other languages

Desanker et 
al. (2001)

Fourth 
Assessment 
Report

• Vulnerability of Africa due mainly to its low adaptive capacity

• Sources of vulnerability mainly socioeconomic causes (demographic growth, governance, confl icts, etc.)

• Impacts of climate change on various sectors: energy, tourism, and coastal zones considered separately

• Potential impacts of extreme weather events (droughts and fl oods) 

• Adaptation costs 

• Need for mainstreaming climate change adaptation into national development policies

• Two case studies:

   • Food security: Climate change could affect the three main components of food security.

   • Traditional knowledge: African communities have prior experience with climate variability, although this knowledge will not be suffi cient to face climate 
change impacts. 

• Research needs: better knowledge of climate variability; more studies on the impacts of climate change on water resources, energy, biodiversity, tourism, 
and health; the links between different sectors (e.g., between agriculture, land availability, and biofuels); developing links with the disaster reduction 
community; increasing interdisciplinary analysis of climate change; and strengthening institutional capacities

Boko et al. 
(2007)

Table 22-1 |  Major conclusions from previous IPCC assessments.

1 Owing to controversies regarding the Sahrawi Arab Democratic Republic, Morocco withdrew from the Organization of African Unity (OAU) in protest in 1984 and, since South
Africa’s admittance in 1994, remains the only African nation not within what is now the AU.

2 Although the Sahrawi Arab Democratic Republic has been a full member of the OAU since 1984 and remains a member of the AU, the Republic is not generally recognized as
a sovereign state and has no representation in the United Nations.
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use change, water withdrawals, and natural climate variability (see also
Section 3.2.1 and Box CC-WE). There is poor understanding in Africa of
how climate change will affect water quality. This is an important
knowledge gap. 

A growing body of literature generated since the AR4 suggests that
climate change in Africa will have an overall modest effect on future
water scarcity relative to other drivers, such as population growth,
urbanization, agricultural growth, and land use change (high confidence)
(Alcamo et al., 2007; Calow and MacDonald, 2009; Carter and Parker,
2009; MacDonald et al., 2009; Taylor et al., 2009; Abouabdillah et al.,
2010; Beck and Bernauer, 2011; Droogers et al., 2012; Notter et al.,
2012; Tshimanga and Hughes, 2012). However, broad-scale assumptions
about drivers of future water shortages can mask significant sub-
regional variability of climate impacts, particularly in water-stressed
regions that are projected to become drier, such as northern Africa and
parts of southern Africa. For example, rainfed agriculture in northern Africa
is highly dependent on winter precipitation and would be negatively
impacted if total precipitation and the frequency of wet days decline
across North Africa, as has been indicated in recent studies (Born et al.,
2008; Driouech et al., 2010; Abouabdillah et al., 2010; García-Ruiz et
al., 2011). Similarly, climate model predictions based on average rainfall
years do not adequately capture interannual and interdecadal variability
that can positively or negatively influence surface water runoff (Beck and
Bernauer, 2011; Notter et al., 2012; Wolski et al., 2012). Key challenges
for estimating future water abundance in Africa lie in better understanding
relationships among evapotranspiration, soil moisture, and land use
change dynamics under varying temperature and precipitation projections
(Goulden et al., 2009a) and to understand how compound risks such as
heat waves and seasonal rainfall variability might interact in the future
to impact water resources. 

Several studies from Africa point to a future decrease in water abundance
due to a range of drivers and stresses, including climate change in
southern and northern Africa (medium confidence). For example, all
countries within the Zambezi River Basin could contend with increasing
water shortages (A2 scenario) although non-climate drivers (e.g.,
population and economic growth, expansion of irrigated agriculture,
and water transfers) are expected to have a strong influence on future
water availability in this basin (Beck and Bernauer, 2011). In Zimbabwe,
climate change is estimated to increase water shortages for downstream
users dependent on the Rozva dam (Ncube et al., 2011). Water shortages
are also estimated for the Okavango Delta, from both climate change
and increased water withdrawals for irrigation (Murray-Hudson et al.,
2006; Milzow et al., 2010; Wolski et al., 2012), and the Breede River in
South Africa (Steynor et al., 2009).

For North Africa, Droogers et al. (2012) estimated that in 2050 climate
change will account for 22% of future water shortages in the region
while 78% of increased future water shortages can be attributed to
socioeconomic factors. Abouabdillah et al. (2010) estimated that higher
temperatures and declining rainfall (A2 and B1 scenarios) would reduce
water resources in Tunisia. Reduced snowpack in the Atlas Mountains
from a combination of warming and reduced precipitation, combined
with more rapid springtime melting is expected to reduce supplies of
seasonal meltwater for lowland areas of Morocco (García-Ruiz et al.,
2011). 

In eastern Africa, potential climate change impacts on the Nile Basin are
of particular concern given the basin’s geopolitical and socioeconomic
importance. Reduced flows in the Blue Nile are estimated by late
century due to a combination of climate change (higher temperatures
and declining precipitation) and upstream water development for
irrigation and hydropower (Elshamy et al., 2009; McCartney and Menker
Girma, 2012). Beyene et al. (2010) estimated that streamflow in the
Nile River will increase in the medium term (2010–2039) but will decline
in the latter half of this century (A2 and B1 scenarios) as a result of both
declining rainfall and increased evaporative demand, with subsequent
diminution of water allocation for irrigated agriculture downstream
from the High Aswan Dam. Kingston and Taylor (2010) reached a similar
conclusion about an initial increase followed by a decline in surface
water discharge in the Upper Nile Basin in Uganda. Seasonal runoff
volumes in the Lake Tana Basin are estimated to decrease by the 2080s
under the A2 and B2 scenarios (Abdo et al., 2009), while Taye et al.
(2011) reported inconclusive findings as to changes in runoff in this
basin. The Mara, Nyando, and Tana Rivers in eastern Africa are projected
to have increased flow in the second half of this century (Taye et al.,
2011; Dessu and Melesse, 2012; Nakaegawa et al., 2012).

Estimating the influence of climate change on water resources in West
Africa is limited by the significant climate model uncertainties with
regard to the region’s future precipitation. For example, Itiveh and Bigg
(2008) estimate higher future rainfall in the Niger River Basin (A1, A2,
and B1 scenarios), whereas Oguntunde and Abiodun (2013) report a
strong seasonal component with reduced precipitation in the basin during
the rainy season and increased precipitation during the dry season (A1B
scenario). The Volta Basin is projected to experience a slight mean increase
in precipitation (Kunstmann et al., 2008), and the Bani River Basin in
Mali is estimated to experience substantial reductions in runoff (A2
scenario) due to reduced rainfall (Ruelland et al., 2012). The impact of
climate change on total runoff in the Congo Basin is estimated to be
minimal (A2 scenario) (Tshimanga and Hughes, 2012). Continental wide
studies (e.g., De Wit and Stankiewicz, 2006) indicate that surface drainage
in dry areas is more sensitive to, and will be more adversely affected
by, reduced rainfall than would surface drainage in wetter areas that
experience comparable rainfall reductions.

The overall impact of climate change on groundwater resources in Africa
is expected to be relatively small in comparison with impacts from non-
climatic drivers such as population growth, urbanization, increased
reliance on irrigation to meet food demand, and land use change
(Calow and MacDonald, 2009; Carter and Parker, 2009; MacDonald et
al., 2009; Taylor et al., 2009). Climate change impacts on groundwater
will vary across climatic zones. (See also Section 3.4.6.) An analysis by
MacDonald et al. (2009) indicated that changes in rainfall would not
be expected to impact the recharge of deep aquifers in areas receiving
below 200 mm rainfall per year, where recharge is negligible due to low
rainfall. Groundwater recharge may also not be significantly affected
by climate change in areas that receive more than 500 mm per year,
where sufficient recharge would remain even if rainfall diminished,
assuming current groundwater extraction rates. By contrast, areas
receiving between 200 and 500 mm per year, including the Sahel, the Horn
of Africa, and southern Africa, may experience a decline in groundwater
recharge with climate change to the extent that prolonged drought and
other precipitation anomalies become more frequent with climate
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change, particularly in shallow aquifers, which respond more quickly to
seasonal and yearly changes in rainfall than do deep aquifers (Barthel
et al., 2009).

Coastal aquifers are additionally vulnerable to climate change because
of high rates of groundwater extraction, which leads to saltwater
intrusion in aquifers, coupled with increased saltwater ingression
resulting from SLR (Bouchaou et al., 2008; Moustadraf et al., 2008; Al-
Gamal and Dodo, 2009; Kerrou et al., 2010). Some studies have shown
additional impacts of SLR on aquifer salinization with salinity potentially
reaching very high levels (Carneiro et al., 2010; Niang et al., 2010;
Research Institute for Groundwater, 2011). Although these effects are
expected to be localized, in some cases they will occur in densely
populated areas (Niang et al., 2010). The profitability of irrigated
agriculture in Morocco is expected to decline (under both B1 and A1B
scenarios) owing to increased pumping of groundwater and increased
salinization risk for aquifers (Heidecke and Heckelei, 2010). 

The capacity of groundwater delivery systems to meet demand may take
on increasing importance with climate change (Calow and MacDonald,
2009). Where groundwater pumping and delivery infrastructure are poor,
and the number of point sources limited, prolonged pumping can lead
to periodic drawdowns and increased failure of water delivery systems
or increased saline intrusion (Moustadraf et al., 2008). To the extent
that drought conditions become more prevalent in Africa with climate
change, stress on groundwater delivery infrastructures will increase. 

Future development of groundwater resources to address direct and
indirect impacts of climate change, population growth, industrialization,
and expansion of irrigated agriculture will require much more knowledge
of groundwater resources and aquifer recharge potentials than currently
exists in Africa. Observational data on groundwater resources in Africa
are extremely limited and significant effort needs to be expended to
assess groundwater recharge potential across the continent (Taylor et
al., 2009). A preliminary analysis by MacDonald et al. (2012) indicates
that total groundwater storage in Africa is 0.66 million km3, which is
“more than 100 times the annual renewable freshwater resources, and
20 times the freshwater stored in African lakes.” However, borehole
yields are variable and in many places water yields are relatively low.
Detailed analysis of groundwater conditions for water resource planning
would need to consider these constraints. 

22.3.4. Agriculture and Food Security

Africa’s food production systems are among the world’s most vulnerable
because of extensive reliance on rainfed crop production, high intra- and
inter-seasonal climate variability, recurrent droughts and floods that
affect both crops and livestock, and persistent poverty that limits the
capacity to adapt (Boko et al., 2007). In the near term, better managing
risks associated with climate variability may help to build adaptive
capacities for climate change (Washington et al., 2006; Cooper et al., 2008;
Funk et al., 2008). However, agriculture in Africa will face significant
challenges in adapting to climate changes projected to occur by mid-
century, as negative effects of high temperatures become increasingly
prominent under an A1B scenario (Battisti and Naylor, 2009; Burke et
al., 2009a), thus increasing the likelihood of diminished yield potential

of major crops in Africa (Schlenker and Lobell, 2010; Sultan et al., 2013).
Changes in growing season length are possible, with a tendency toward
reduced growing season length (Thornton et al., 2011), though with
potential for some areas to experience longer growing seasons (Cook
and Vizy, 2012). The composition of farming systems from mixed crop-
livestock to more livestock dominated food production may occur as a
result of reduced growing season length for annual crops and increases
in the frequency and prevalence of failed seasons (Jones and Thornton,
2009; Thornton et al., 2010). Transition zones, where livestock keeping
is projected to replace mixed crop-livestock systems by 2050, include
the West African Sahel and coastal and mid-altitude areas in eastern
and southeastern Africa (Jones and Thornton, 2009), areas that currently
support 35 million people and are chronically food insecure. 

22.3.4.1. Crops

Climate change is very likely to have an overall negative effect on yields
of major cereal crops across Africa, with strong regional variability in
the degree of yield reduction (see also Section 7.3.2.1) (Liu et al., 2008;
Lobell et al., 2008, 2011; Walker and Schulze, 2008; Thornton et al.,
2009a; Roudier et al., 2011; Berg et al., 2013) (high confidence). One
exception is in eastern Africa where maize production could benefit from
warming at high elevation locations (A1FI scenario) (Thornton et al.,
2009a), although the majority of current maize production occurs at
lower elevations, thereby implying a potential change in the distribution
of maize cropping. Maize-based systems, particularly in southern Africa,
are among the most vulnerable to climate change (Lobell et al., 2008).
Estimated yield losses at mid-century range from 18% for southern
Africa (Zinyengere et al., 2013) to 22% aggregated across sub-Saharan
Africa, with yield losses for South Africa and Zimbabwe in excess of
30% (Schlenker and Lobell, 2010). Simulations that combine all regions
south of the Sahara suggest consistently negative effects of climate
change on major cereal crops in Africa, ranging from 2% for sorghum to
35% for wheat by 2050 under an A2 scenario (Nelson et al., 2009). Studies
in North Africa by Eid et al. (2007), Hegazy et al. (2008), Drine (2011),
and Mougou et al. (2011) also indicate a high vulnerability of wheat
production to projected warming trends. In West Africa, temperature
increases above 2°C (relative to a 1961–1990 baseline) are estimated
to counteract positive effects on millet and sorghum yields of increased
precipitation (for B1, A1B, and A2 scenarios; Figure 22-5), with negative
effects stronger in the savannah than in the Sahel, and with modern
cereal varieties compared with traditional ones (Sultan et al., 2013). 

Several recent studies since the AR4 indicate that climate change will
have variable impacts on non-cereal crops, with both production losses
and gains possible (low confidence). Cassava yields in eastern Africa
are estimated to moderately increase up to the 2030s assuming CO2

fertilization and under a range of low to high emissions scenarios (Liu
et al., 2008), findings that were similar to those of Lobell et al. (2008).
Suitability for growing cassava is estimated to increase with the greatest
improvement in suitability in eastern and central Africa (A1B scenario)
(Jarvis et al., 2012). However, Schlenker and Lobell (2010) estimated
negative impacts from climate change on cassava at mid-century,
although with impacts estimated to be less than those for cereal crops.
Given cassava’s hardiness to higher temperatures and sporadic rainfall
relative to many cereal crops, it may provide a potential option for crop
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Jobin, 1999). Migration and sanitation play a significant role in the
spread of schistosomiasis from rural areas to urban environments (Babiker
et al., 1985; WHO, 2013b). Temperature and precipitation patterns may
play a role in transmission (Odongo-Aginya et al., 2008; Huang et al.,
2011; Mutuku et al., 2011). Projections for the period 2070–2099, under
A2 and B2 emission scenarios, suggest that although the geographic
areas suitable for transmission will increase with climate change, snail
regions are expected to contract and/or move to cooler areas; these
results highlight the importance of understanding how climate change
could alter snail habitats when projecting future human schistosomiasis
prevalence under different scenarios (Stensgaard et al., 2011). 

22.3.5.4.6. Meningococcal meningitis 

There is a strong environmental relationship between the seasonal cycle
of meningococcal meningitis and climate, including a relationship
between the seasonal pattern of the Harmattan dusty winds and onset
of disease. Transmission of meningitis occurs throughout Africa in the
dry season and coincides with periods of very low humidity and wind-
driven dusty conditions, ending with the onset of the rains (Molesworth
et al., 2003). Research corroborates earlier hypothesized relationships
between weather and meningitis (Yaka et al., 2008; Palmgren, 2009;
Roberts, 2010; Dukić et al., 2012; Agier et al., 2013). In the northern
region of Ghana, exposure to smoke from cooking fires increased the
risk of contracting meningococcal meningitis (Hodgson et al., 2001).
This increased risk suggests that exposure to elevated concentrations
of air pollutants, such as carbon monoxide (CO) and particulate matter,
may be linked to illness. More research is needed to clarify the possible
impact of climate change on atmospheric concentrations of aerosols
and particulates that can impact human health and any associations
between meningitis and these aerosols and particles. The relationship
between the environment and the location of the epidemics suggest
connections between epidemics and regional climate variability
(Molesworth et al., 2003; Sultan et al., 2005; Thomson et al., 2006),
which may allow for early warning systems for predicting the location
and onset of epidemics.

22.3.5.4.7. Hantavirus

Novel hantaviruses with unknown pathogenic potential have been
identified in some insectivores (shrews and a mole) in Africa (Klempa,
2009), with suggestions that weather and climate, among other
drivers, could affect natural reservoirs and their geographic range, and
thus alter species composition in ways that could be epidemiologically
important (Klempa, 2009).

22.3.5.4.8. Other health issues 

Research into other health issues has begun. It has been noted that any
increase in food insecurity due to climate change would be expected
to further compromise the poor nutrition of people living with HIV/AIDs
(Drimie and Gillespie, 2010). Laboratory studies suggest that the
geographic range of the tsetse fly (Glossina species), the vector of human
and animal trypanosomiasis in Africa, may be reduced with climate

change (Terblanche et al., 2008). More studies are needed to clarify the
role of climate change on HIV and other disease vectors.

22.3.5.4.9. Heat waves and high ambient temperatures 

Heat waves and heat-related health effects are only beginning to attract
attention in Africa. High ambient temperatures are associated with
increased mortality in Ghana, Burkina Faso, and Nairobi with associations
varying by age, gender, and cause of death (Azongo et al., 2012; Diboulo
et al., 2012; Egondi et al., 2012). Children are particularly at risk. Heat-
related health effects also may be of concern in West and southern
Africa (Dapi et al., 2010; Mathee et al., 2010). Section 11.4.1 assesses
the literature on the health impacts of heat waves and high ambient
temperatures. Low ambient temperatures are associated with mortality
in Nairobi and Tanzania (Egondi et al., 2012; Mrema et al., 2012).
Chapter 11 discusses the relationship between heat and work capacity
loss. This is an important issue for Africa because of the number of
workers engaged in agriculture. 

22.3.5.4.10. Air quality

Climate change is anticipated to affect the sources of air pollutants as
well as the ability of pollutants to be dispersed in the atmosphere
(Denman et al., 2007). Assessments of the impacts of projected climate
change on atmospheric concentrations of aerosols and particules that
can adversely affect human health indicate that changes in surface
temperature, land cover, and lightning may alter natural sources of ozone
precursor gases and consequently ozone levels over Africa (Stevenson
et al., 2005; Brasseur et al., 2006; Zeng et al., 2008). However, insufficient
climate and emissions data for Africa prevent a more comprehensive
assessment and further research is needed to better understand the
implications of climate change on air quality in Africa.

22.3.6. Urbanization

The urban population in Africa is projected to triple by 2050, increasing
by 0.8 billion (UN DESA Population Division, 2010). African countries
are experiencing some of the world’s highest urbanization rates (UN-
HABITAT, 2008). Many of Africa’s evolving cities are unplanned and have
been associated with growth of informal settlements, inadequate housing
and basic services, and urban poverty (Yuen and Kumssa, 2011).7

Climate change could affect the size and characteristics of rural and
urban human settlements in Africa because the scale and type of rural-
urban migration are partially driven by climate change (UN-HABITAT
and UNEP, 2010; Yuen and Kumssa, 2011). The majority of migration
flows observed in response to environmental change are within country
boundaries (Jäger et al., 2009; Tacoli, 2009). For large urban centers
located on mega-deltas (e.g., Alexandria in Egypt in the Nile delta, and
Benin City, Port Harcourt, and Aba in Nigeria in the Niger delta),

7 However, community-driven upgrading may contribute to reducing the vulnerability
of such informal areas (for more detail, see Chapter 8).
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Figure 24-2 | Observed and projected changes in annual average temperature and precipitation in Asia. (Top panel, left) Map of observed annual average temperature change 
from 1901–2012, derived from a linear trend. [WGI AR5 Figures SPM.1 and 2.21] (Bottom panel, left) Map of observed annual precipitation change from 1951–2010, derived 
from a linear trend. [WGI AR5 Figures SPM.2 and 2.29] For observed temperature and precipitation, trends have been calculated where sufficient data permit a robust estimate 
(i.e., only for grid boxes with greater than 70% complete records and more than 20% data availability in the first and last 10% of the time period). Other areas are white. Solid 
colors indicate areas where trends are significant at the 10% level. Diagonal lines indicate areas where trends are not significant. (Top and bottom panel, right) CMIP5 
multi-model mean projections of annual average temperature changes and average percent changes in annual mean precipitation for 2046–2065 and 2081–2100 under RCP2.6 
and 8.5, relative to 1986–2005. 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-yr means) and ≥90% of models agree on sign of change. Colors with white dots indicate areas with strong agreement, where ≥66% of models show 
change greater than the baseline variability and ≥66% of models agree on sign of change. Gray indicates areas with divergent changes, where ≥66% of models show change 
greater than the baseline variability, but <66% agree on sign of change. Colors with diagonal lines indicate areas with little or no change, where <66% of models show change 
greater than the baseline variability, although there may be significant change at shorter timescales such as seasons, months, or days. Analysis uses model data and methods 
building from WGI AR5 Figure SPM.8. See also Annex I of WGI AR5. [Boxes 21-2 and CC-RC]

late 21st centurymid 21st century

RC
P8

.5
RC

P2
.6

Annual Precipitation 
Change

Annual Temperature Change

Difference from 1986–2005 mean (%)

Difference from 1986–2005 mean 
(˚C)

Trend over 1901–2012 
(˚C over period)

0 2 4 6

–20 0 20 40

(mm/year per decade)
Trend in annual precipitation over 1951–2010

–5 0 5 25102.5–2.5 50–10–50 –25–100



1336

Chapter 24                                                                                                                                                                                                                 Asia

24

Key risk Adaptation issues & prospects  Climatic
drivers
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trend
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Climate-related drivers of impacts

Warming 
trend

Extreme 
precipitation

Extreme 
temperature

Sea 
level

Level of risk & potential for adaptation
Potential for additional adaptation 

to reduce risk

Risk level with 
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Risk level with 
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Table 24-1 | Key risks from climate change and the potential for risk reduction through mitigation and adaptation in Asia. Key risks are identified based on assessment of the 
literature and expert judgments, with supporting evaluation of evidence and agreement in the referenced chapter sections. Each key risk is characterized as very low, low, 
medium, high, or very high. Risk levels are presented for the near-term era of committed climate change (here, for 2030–2040), in which projected levels of global mean 
temperature increase do not diverge substantially across emissions scenarios. Risk levels are also presented for the longer term era of climate options (here, for 2080–2100), for 
global mean temperature increase of 2°C and 4°C above pre-industrial levels. For each time frame, risk levels are estimated for the current state of adaptation and for a 
hypothetical highly adapted state. As 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. Relevant climate variables are indicated by symbols. 
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forested swamp types. Intertidal salt marshes are widespread along
temperate and arctic coasts, while a variety of non-forested wetlands
occur inland. Asia supports approximately 40% of the world’s coral reef
area, mostly in Southeast Asia, with the world’s most diverse reef
communities in the “coral triangle” (Spalding et al., 2001; Burke et al.,
2011). Seagrass beds are widespread and support most of the world’s
seagrass species (Green and Short, 2003). Six of the seven species of
sea turtle are found in the region and five nest on Asian beaches
(Spotila, 2004). Kelp forests and other seaweed beds are important on
temperate coasts (Bolton, 2010; Nagai et al., 2011). Arctic sea ice
supports a specialized community of mammals and other organisms
(see Sections 28.2.3.3-4.).

24.4.3.2. Observed Impacts

Most of Asia’s non-Arctic coastal ecosystems are under such severe
pressure from non-climate impacts that climate impacts are hard to
detect (see Section 5.4.2). Most large deltas in Asia are sinking (as a
result of groundwater withdrawal, floodplain engineering, and trapping
of sediments by dams) much faster than global sea level is rising (Syvitski
et al., 2009). Widespread impacts can be attributed to climate change
only for coral reefs, where the temporal and spatial patterns of bleaching
correlate with higher than normal sea surface temperatures (very high
confidence; Section 5.4.2.4; Box CC-CR). Increased water temperatures
may also explain declines in large seaweed beds in temperate Japan
(Nagai et al., 2011; Section 5.4.2.3). Warming coastal waters have also
been implicated in the northward expansion of tropical and subtropical
macroalgae and toxic phytoplankton (Nagai et al., 2011), fish (Tian et
al., 2012), and tropical corals, including key reef-forming species (Yamano
et al., 2011), over recent decades. The decline of large temperate
seaweeds and expansion of tropical species in southwest Japan has
been linked to rising sea surface temperatures (Tanaka, K. et al., 2012),
and these changes have impacted fish communities (Terazono et al.,
2012). 

In Arctic Asia, changes in permafrost and the effects of sea level rise
and sea ice retreat on storm-wave energy have increased erosion (Are
et al., 2008; Razumov, 2010; Handmer et al., 2012). Average erosion
rates range from 0.27 m yr–1 (Chukchi Sea) to 0.87 m yr–1 (East Siberian
Sea), with a number of segments in the Laptev and East Siberian Sea
experiencing rates greater than 3 m yr–1 (Lantuit et al., 2012). 

24.4.3.3. Projected Impacts

Marine biodiversity at temperate latitudes is expected to increase as
temperature constraints on warmwater taxa are relaxed (high confidence;
see Section 6.4.1.1), but biodiversity in tropical regions may fall if, as
evidence suggests, tropical species are already near their thermal maxima
(medium confidence; Cheung et al., 2009, 2010; Nguyen et al., 2011).
Individual fish species are projected to shift their ranges northward in
response to rising sea surface temperatures (Tseng et al., 2011; Okunishi
et al., 2012; Tian et al., 2012). The combined effects of changes in
distribution, abundance, and physiology may reduce the body size of
marine fishes, particularly in the tropics and intermediate latitudes
(Cheung et al., 2013). 

Continuation of current trends in sea surface temperatures and ocean
acidification would result in large declines in coral-dominated reefs by
mid-century (high confidence; Burke et al., 2011; Hoegh-Guldberg, 2011;
see Section 5.4.2.4; Box CC-CR). Warming would permit the expansion
of coral habitats to the north but acidification is expected to limit this
(Yara et al., 2012). Acidification is also expected to have negative
impacts on other calcified marine organisms (algae, molluscs, larval
echinoderms), while impacts on non-calcified species are unclear
(Branch et al., 2013; Kroeker et al., 2013; see Box CC-OA). On rocky
shores, warming and acidification are expected to lead to range shifts
and changes in biodiversity (see Section 5.4.2.2). 

Future rates of sea level rise are expected to exceed those of recent
decades (see WGI AR5 Section 13.5.1), increasing coastal flooding,
erosion, and saltwater intrusion into surface and groundwaters. In the
absence of other impacts, coral reefs may grow fast enough to keep up
with rising sea levels (Brown et al., 2011; Villanoy et al., 2012; see
Section 5.4.2.4), but beaches may erode and mangroves, salt marshes,
and seagrass beds will decline, unless they receive sufficient fresh
sediment to keep pace or they can move inland (Gilman et al., 2008;
Bezuijen, 2011; Kintisch, 2013; see Section 5.3.2.3). Loucks et al. (2010)
predict a 96% decline in tiger habitat in Bangladesh’s Sunderbans
mangroves with a 28 cm sea level rise if sedimentation does not increase
surface elevations. Rising winter temperatures are expected to result in
poleward expansion of mangrove ecosystems (see Section 5.4.2.3).
Coastal freshwater wetlands may be vulnerable to saltwater intrusion
with rising sea levels, but in most river deltas local subsidence for non-
climatic reasons will be more important (Syvitski et al., 2009). Current
trends in cyclone frequency and intensity are unclear (Section 24.3.2;
Box CC-TC), but a combination of cyclone intensification and sea level
rise could increase coastal flooding (Knutson et al., 2010) and losses of
coral reefs and mangrove forests would exacerbate wave damage
(Gedan et al., 2011; Villanoy et al., 2012). 

In the Asian Arctic, rates of coastal erosion are expected to increase
as a result of interactions between rising sea levels and changes in
permafrost and the length of the ice-free season (medium evidence;
high agreement; Pavlidis et al., 2007; Lantuit et al., 2012). The largest
changes are expected for coasts composed of loose permafrost rocks
and therefore subject to intensive thermal abrasion. If sea level rises
by 0.5 m over this century, modeling studies predict that the rate of
recession will increase 1.5- to 2.6-fold for the coasts of the Laptev Sea,
East Siberian Sea, and West Yamal in the Kara Sea, compared to the
rate observed in the first years of the 21st century. 

24.4.3.4. Vulnerabilities to Key Drivers 

Offshore marine systems are most vulnerable to rising water temperatures
and ocean acidification, particularly for calcifying organisms such as
corals. Sea level rise will be the key issue for many coastal areas,
particularly if combined with changes in cyclone frequency or intensity,
or, in Arctic Asia, with a lengthening open-water season. The expected
continuing decline in the extent of sea ice in the Arctic may threaten
the survival of some ice-associated organisms (see Section 28.2.2.1),
with expanded human activities in previously inaccessible areas an
additional concern (Post et al., 2013). 
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24.4.3.5. Adaptation Options

The connectivity of marine habitats and dispersal abilities of marine
organisms increase the capacity for autonomous (spontaneous) adaptation
in coastal systems (Cheung et al., 2009). Creating marine protected
areas where sea surface temperatures are projected to change least
may increase their future resilience (Levy and Ban, 2013). For coral reefs,
potential indicators of future resilience include later projected onset of
annual bleaching conditions (van Hooidonk et al., 2013), past temperature
variability, the abundance of heat-tolerant coral species, coral recruitment
rates, connectivity, and macroalgae abundance (McClanahan et al.,
2012). Similar strategies may help identify reefs that are more resilient
to acidification (McLeod et al., 2013). Hard coastal defenses, such as
sea walls, protect settlements at the cost of preventing adjustments
by mangroves, salt marshes, and seagrass beds to rising sea levels.
Landward buffer zones that provide an opportunity for future inland
migration could mitigate this problem (Tobey et al., 2010). More
generally, maintaining or restoring natural shorelines where possible is
expected to provide coastal protection and other benefits (Tobey et al.,
2010; Crooks et al., 2011). Projected increases in the navigability of the
Arctic Ocean because of declining sea ice suggest the need for a revision
of environmental regulations to minimize the risk of marine pollution
(Smith and Stephenson, 2013).

24.4.4. Food Production Systems and Food Security 

It is projected that climate change will affect food security by the middle
of the 21st century, with the largest numbers of food-insecure people
located in South Asia (see Chapter 7). 

24.4.4.1. Sub-regional Diversity

WGII AR4 Section 10.4.1.1 pointed out that there will be regional
differences within Asia in the impacts of climate change on food
production. Research since then has validated this divergence and new
data are available especially for West and Central Asia (see Tables
SM24-4, SM24-5). In WGII AR4 Section 10.4.1, climate change was
projected to lead mainly to reductions in crop yield. New research shows
there will also be gains for specific regions and crops in given areas.
Thus, the current assessment encompasses an enormous variability,
depending on the regions and the crops grown. 

24.4.4.2. Observed Impacts

There are very limited data globally for observed impacts of climate
change on food production systems (see Chapter 7) and this is true also
for Asia. In Jordan, it was reported that the total production and average
yield for wheat and barley were lowest in 1999 for the period 1996–
2006 (Al-Bakri et al., 2010), which could be explained by the low rainfall
during that year, which was 30% of the average (high confidence in
detection, low confidence in attribution). In China, rice yield responses
to recent climate change at experimental stations were assessed for
the period 1981–2005 (Zhang et al., 2010). In some places, yields were
positively correlated with temperature when they were also positively

related with solar radiation. However, in other places, lower yield with
higher temperature was accompanied by a positive correlation between
yield and rainfall (high confidence in detection, high confidence in
attribution). In Japan, where mean air temperature rose by about 1ºC
over the 20th century, effects of recent warming include phenological
changes in many crops, increases in fruit coloring disorders and incidences
of chalky rice kernels, reductions in yields of wheat, barley, vegetables,
flowers, milk, and eggs, and alterations in the type of disease and pest
(high confidence in detection, high confidence in attribution; Sugiura et
al., 2012).

24.4.4.3. Projected Impacts

24.4.4.3.1. Production

WGII AR4 Section 10.4.1.1 mainly dealt with cereal crops (rice, wheat,
corn). Since then, impacts of climate change have been modeled for
additional cereal crops and sub-regions. It is very likely that climate
change effects on crop production in Asia will be variable, negative for
specific regions and crops in given areas and positive for other regions
and crops (medium evidence, high agreement). It is also likely that an
elevated CO2 concentration in the atmosphere will be beneficial to most
crops (medium evidence, high agreement). 

In semiarid areas, rainfed agriculture is sensitive to climate change both
positively and negatively (Ratnakumar et al., 2011). In the mountainous
Swat and Chitral districts of Pakistan (average altitudes 960 and 1500 m
above sea level, respectively), there were mixed results as well (Hussain
and Mudasser, 2007). Projected temperature increases of 1.5°C and 3°C
would lead to wheat yield declines (by 7% and 24%, respectively) in
Swat district but to increases (by 14% and 23%) in Chitral district. In
India, climate change impacts on sorghum were analyzed using the
InfoCrop-SORGHUM simulation model (Srivastava et al., 2010). A
changing climate was projected to reduce monsoon sorghum grain yield
by 2 to 14% by 2020, with worsening yields by 2050 and 2080. In the
Indo-Gangetic Plains, a large reduction in wheat yields is projected (see
Section 24.4.4.3.2), unless appropriate cultivars and crop management
practices are adopted (Ortiz et al., 2008). A systematic review and meta-
analysis of data in 52 original publications projected mean changes in
yield by the 2050s across South Asia of 16% for maize and 11% for
sorghum (Knox et al., 2012). No mean change in yield was projected
for rice.

In China, modeling studies of the impacts of climate change on crop
productivity have had mixed results. Rice is the most important staple
food in Asia. Studies show that climate change will alter productivity
in China but not always negatively. For example, an ensemble-based
probabilistic projection shows rice yield in eastern China would change
on average by 7.5 to 17.5% (–10.4 to 3.0%), 0.0 to 25.0% (–26.7 to
2.1%), and –10.0 to 25.0% (–39.2 to –6.4%) during the 2020s, 2050s,
and 2080s, respectively, in response to climate change, with (without)
consideration of CO2 fertilization effects, using all 10 combinations of
two emission scenarios (A1FI and B1) and five GCMs (Hadley Centre
climate prediction model 3 (HadCM3), Parallel Climate Model (PCM),
CGCM2, Commonwealth Scientific and Industrial Research Organisation
2 (CSIRO2), and European Centre for Medium Range Weather Forecasts
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Rice is the most studied crop but there are still significant uncertainties
in model accuracy, CO2-fertilization effects, and regional differences
(Masutomi et al., 2009; Zhang et al., 2010; Shuang-He et al., 2011). For
other crops, there is even greater uncertainty. Studies are also needed
of the health effects of interactions between heat and air pollution in
urban and rural environments.

More generally, research is needed on impacts, vulnerability, and
adaptation in urban settlements, especially cities with populations of less
than 500,000, which share half the region’s urban population. Greater
understanding is required of the linkages between local livelihoods,
ecosystem functions, and land resources for creating a positive impact

on livelihoods in areas with greater dependence on natural resources
(Paul et al., 2009). Increasing regional collaboration in scientific research
and policy making has been suggested for reducing climate change
impacts on water, biodiversity, and livelihoods in the Himalayan region
(Xu et al., 2009) and could be considered elsewhere. The literature
suggests that work must begin now on building understanding of the
impacts of climate change and moving forward with the most cost-
effective adaptation measures (ADB, 2007; Cai et al., 2008; Stage, 2010).

For devising mitigation policies, the key information needed is again
the most cost-effective measures (Nguyen, 2007; Cai et al., 2008; Mathy
and Guivarch, 2010). 

Table 24-2 |  The amount of information supporting conclusions regarding observed and projected impacts in Asia.

Key:
/ = Relatively abundant / suffi cient information; knowledge gaps need to be addressed but conclusions can be drawn based on existing information.
x = Limited information / no data; critical knowledge gaps, diffi cult to draw conclusions.
NR = Not relevant.

Sector 
Topics / issues North Asia East Asia Southeast 

Asia South Asia Central Asia West Asia

O = Observed impacts,
P = Projected Impacts O P O P O P O P O P O P

Freshwater 
resources

Major river runoff / x / / / / / x x x x x

Water supply x x x x x x x x x x x x

Terrestrial and 
inland water 
systems

Phenology and growth rates / / / / x x x x x x x x

Distributions of species and biomes / / / / x x x / x x x x

Permafrost / / / / / x / / / / / x

Inland waters x x / x x x x x x x x x

Coastal 
systems and 
low-lying 
areas

Coral reefs NR NR / / / / / / NR NR / /

Other coastal ecosystems x x / / x x x x NR NR x x

Arctic coast erosion / / NR NR NR NR NR NR NR NR NR NR

Food 
production 
systems and 
food security

Rice yield x x / / x / x / x x X /

Wheat yield x x x x x x x / x x / /

Corn yield x x x / x x x x x x x x

Other crops (e.g., barley, potato) x x / / x x x x x X / /

Vegetables x x / x x x x x x x x x

Fruits x x / x x x x x x x x x

Livestock x x / x x x x x x x x x

Fisheries and aquaculture production x / x / x / x x x x x x

Farming area x / x / x x x / x / x x

Water demand for irrigation x / x / x x x / x x x x

Pest and disease occurrence x x x x x x x / x x x x

Human 
settlements, 
industry, and 
infrastructure

Floodplains x x / / / / / / x x x x

Coastal areas x x / / / / / / NR NR x x

Population and assets x x / / / / / / x x x x

Industry and infrastructure x x / / / / / / x x x x

Human 
health, 
security, 
livelihoods, 
and poverty

Health effects of fl oods x x x x x x / x x x x x

Health effects of heat x x / x x x x x x x x x

Health effects of drought x x x x x x x x x x x x

Water-borne diseases x x x x / x / x x x x x

Vector-borne diseases x x x x / x / x x x x x

Livelihoods and poverty x x / x x x / x x x x x

Economic valuation x x x x / / / / x x x x
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intermodel standard deviation) under Representative Concentration
Pathway (RCP)8.5 from CMIP5 are –20 ± 13% in southwestern
Australia, –2 ± 21% in the Murray-Darling Basin, and –5 ± 22% in
southeast Queensland (Irving et al., 2012). Projected changes during
winter and spring are more pronounced and/or consistent across models
than the annual changes, for example, drying in southwestern Australia
(–32 ± 11%, June to August), the Murray-Darling Basin (–16 ± 22%,
June to August), and southeast Queensland (–15 ± 26%, September to
November), whereas there are increases of 15% or more in the west
and south of the South Island of New Zealand (Irving et al., 2012).
Downscaled CMIP3 model projections for New Zealand indicate a
stronger drying pattern in the southeast of the South Island and eastern
and northern regions of the North Island in winter and spring (Reisinger
et al., 2010) than seen in the raw CMIP5 data; based on similar broader
scale changes this pattern is expected to hold once CMIP5 data are also
downscaled (Irving et al., 2012).

Other projected changes of at least high confidence include regional
increases in sea surface temperature, the occurrence of hot days, fire
weather in southern Australia, mean and extreme sea level, and ocean
acidity (see WGI AR5 Section 6.4.4 for projections); and decreases in
cold days and snow extent and depth. Although changes to tropical
cyclone occurrence and that of other severe storms are potentially
important for future vulnerability, regional changes to these phenomena
cannot be projected with at least medium confidence as yet (Table 25-1).

25.3. Socioeconomic Trends Influencing
Vulnerability and Adaptive Capacity 

25.3.1. Economic, Demographic, and Social Trends

The economies of Australia and New Zealand rely on natural resources,
agriculture, minerals, manufacturing and tourism, but the relative
importance of these sectors differs between the two countries.
Agriculture and mineral/energy resources accounted, respectively, for 11%
and 55% (Australia) and 56% and 5% (New Zealand) of the value of total
exports in 2010–2011 (ABS, 2012c; SNZ, 2012b). Water abstraction per
capita in both countries is in the top half of the Organisation for
Economic Co-operation and Development (OECD), decreasing since
1990 in Australia but increasing in New Zealand; more than half is used
for irrigation (OECD, 2010, 2013a). Between 1970 and 2011, gross
domestic product (GDP) grew by an average of 3.2% per annum in
Australia and 2.4% per annum in New Zealand, with annual GDP per
capita growth of 1.8% and 1.2%, respectively (SNZ, 2011; ABS, 2012d).
GDP is projected to grow on average by 2.5 to 3.5% per annum in
Australia and about 1.9% per annum in New Zealand to 2050 (Australian
Treasury, 2010; Bell et al., 2010) but subject to significant shorter term
fluctuations. 

The populations of Australia and New Zealand are projected to grow
significantly over at least the next several decades (very high confidence;
ABS, 2008; SNZ, 2012a): Australia’s population from 22.3 million in 2011
to 31 to 43 million by 2056 and 34 to 62 million by 2101 (ABS, 2008,
2013); New Zealand’s population from 4.4 million in 2011 to 5.1 to 7.1
million by 2061 (SNZ, 2012a). The number of people aged 65 and over
is projected to almost double in the next 2 decades (ABS, 2008; SNZ,
2012a). More than 85% of the Australasian population lives in urban
areas and their satellite communities, mostly in coastal areas (DCC,
2009; SNZ, 2010b; UN DESA Population Division, 2012; see Box 25-9).
Urban concentration and depletion of remote rural areas is expected to
continue (Mendham and Curtis, 2010; SNZ, 2010c; Box 25-5), but some
coastal non-urban spaces also face increasing development pressure
(Freeman and Cheyne, 2008; Gurran, 2008; Box 25-1). More than 20%
of Australasian residents were born overseas (OECD, 2013a).

Poverty rates and income inequality in Australia and New Zealand are
in the upper half of OECD countries, and both measures increased
significantly in both countries between the mid-1980s and the late
2000s (OECD, 2013a). Measurement of poverty and inequality, however,
is highly contested, and it remains difficult to anticipate future changes
and their effects on adaptive capacity (Peace, 2001; Scutella et al., 2009;
Section 25.3.2). Indigenous peoples constitute about 2.5% and 15% of
the Australian and New Zealand populations, respectively, but in
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Figure 25-2 | Observed and simulated variations in past and projected future annual 
average near-surface air temperature over land areas of Australia (top) and New 
Zealand (bottom). Black lines show various estimates from observational measure-
ments. Shading denotes the 5th to 95th percentile range of climate model simulations 
driven with “historical” changes in anthropogenic and natural drivers (63 simulations), 
historical changes in “natural” drivers only (34), the Representative Concentration 
Pathway (RCP)2.6 emissions scenario (63), and the RCP8.5 (63). Data are anomalies 
from the 1986–2005 average of the individual observational data (for the observa-
tional time series) or of the corresponding historical all-forcing simulations. Further 
details are given in Box 21-3 and Box CC-RC.
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Box 25-1 | Coastal Adaptation—Planning and Legal Dimensions

Sea level rise is a significant risk for Australia and New Zealand (very high confidence) due to intensifying coastal development and

the location of population centers and infrastructure (see Section 25.3). Under a high emissions scenario (Representative Concentration

Pathway (RCP)8.5), global mean sea level would likely rise by 0.53 to 0.97 m by 2100, relative to 1986–2005, whereas with stringent

mitigation (RCP2.6), the likely rise by 2100 would be 0.28 to 0.6 m (medium confidence). Based on current understanding, only

instability of the Antarctic ice sheet, if initiated, could lead to a rise substantially above the likely range; evidence remains insufficient

to evaluate its probability, but there is medium confidence that this additional contribution would not exceed several tenths of a

meter during the 21st century (WGI AR5 Section 13.5). Local case studies in New Zealand (Fitzharris, 2010; Reisinger et al., 2013) and

national reviews in Australia (DCC, 2009; DCCEE, 2011) demonstrate risks to large numbers of residential and commercial assets as

well as key services, with widespread damages at the upper end of projected ranges (high confidence). In Australia, sea level rise of

1.1 m would affect more than AU$226 billion of assets, including up to 274,000 residential and 8600 commercial buildings (DCCEE,

2011), with additional intangible costs related to stress, health effects, and service disruption (HCCREMS, 2010) and ecosystems

(DCC, 2009; BMT WBM, 2011). Under expected future settlement patterns, exposure of the Australian road and rail network will

increase significantly once sea level rises above about 0.5 m (Baynes et al., 2012). Even if temperatures peak and decline, sea level is

projected to continue to rise beyond 2100 for many centuries, at a rate dependent on future emissions (WGI AR5 Section 13.5). 

Responsibility for adapting to sea level rise in Australasia rests principally with local governments through spatial planning instruments.

Western Australia, South Australia, and Victoria have mandatory State planning benchmarks for 2100, with local governments

determining how they should be implemented. Long-term benchmarks in New South Wales and Queensland have either been

suspended or revoked, so local authorities now have broad discretion to develop their own adaptation plans. The New Zealand

Coastal Policy Statement (Minister of Conservation, 2010) mandates a minimum 100-year planning horizon for assessing hazard

risks, discourages hard protection of existing development, and recommends avoidance of new development in vulnerable areas.

Non-binding government guidance recommends a risk-based approach, using a base value of 0.5 m sea level rise by the 2090s and

considering the implications of at least 0.8 m and, for longer term planning, an additional 0.1 m per decade (MfE, 2008d).

The incorporation of climate change impacts into local planning has evolved considerably over the past 20 years, but remains piecemeal

and shows a diversity of approaches (Gibbs and Hill, 2012; Kay et al., 2013). Governments have invested in high-resolution digital

elevation models of coastal and flood prone areas in some regions, but many local governments still lack the resources for hazard

mapping and policy design. Political commitment is variable, and legitimacy of approaches and institutions is often strongly

contested (Gorddard et al., 2012), including pressure on State governments to modify adaptation policies and on local authorities to

compensate developers for restrictions on current or future land uses (LGNZ, 2008; Berry and Vella, 2010; McDonald, 2010; Reisinger

et al., 2011). Incremental adaptation responses can entrench existing rights and expectations about ongoing protection and

development, which limit options for more transformational responses such as accommodation and retreat (medium evidence, high

agreement; Gorddard et al., 2012; Barnett et al., 2013; Fletcher et al., 2013; McDonald, 2013). Strategic regional-scale planning

initiatives in rapidly growing regions, like southeast Queensland, allow climate change adaptation to be addressed in ways not

typically achieved by locality- or sector-specific plans, but require effective coordination across different scales of governance (Serrao-

Neumann et al., 2013; Smith et al., 2013).

Courts in both countries have played an important role in evaluating planning measures. Results of litigation have varied and, in the

absence of clearer legislative guidance, more litigation is expected as rising sea levels affect existing properties and adaptation

responses constrain development on coastal land (MfE, 2008d; Kenderdine, 2010; Rive and Weeks, 2011; Verschuuren and McDonald,

2012; Corkhill, 2013; Macintosh, 2013).

Continued next page
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the uncertain and dynamic nature of climate risk (McDonald, 2010;
Stafford-Smith et al., 2011; Gorddard et al., 2012; McDonald, 2013;
Reisinger et al., 2013).

Vulnerability assessments that take mid- to late-century impacts as their
starting point can inhibit actors from implementing adaptation actions,
as distant impacts are easily discounted and difficult to prioritize in
competition with near-term non-climate change pressures (Productivity
Commission, 2012). Emerging leading practice models in Australia
(Balston, 2012; HCCREMS, 2012; SGS, 2012) and New Zealand (MfE,
2008a; Britton et al., 2011) recommend a high-level scan of sectors and
locations at risk and emphasize a focus on near-term decisions that
influence current and future vulnerability (which could range from early
warning systems to strategic and planning responses). More detailed
assessment can then focus on this more tractable subset of issues, based
on explicit and iterative framing of the adaptation issue (Webb et al.,
2013) and taking into account the full lifetime (lead- and consequence
time) of the decision/asset in question (Stafford-Smith et al., 2011).

Participatory processes help balance societal preferences with robust
scientific information and ensure ownership by affected communities
but rely on human capital and political commitment (high confidence;
Hobson and Niemeyer, 2011; Rouse and Blackett, 2011; Weber et al.,
2011; Leitch and Robinson, 2012). Realizing widespread and equitable
participation is challenging where policies are complex, debates polarized,
legitimacy of institutions contested, and potential transformational
changes threaten deeply held values (Gardner et al., 2009a; Gorddard
et al., 2012; Burton and Mustelin, 2013; see also Section 25.4.3).
Regional approaches that engage diverse stakeholders, government, and
science providers, and support the co-production of knowledge can help
overcome some of these problems but require long-term institutional
and financial commitments (e.g., Britton et al., 2011; DSEWPC, 2011;
CSIRO, 2012; IOCI, 2012; Low Choy et al., 2012; Webb and Beh, 2013).

There is active debate about the extent to which incremental adjustments
of existing planning instruments, institutions, and decision-making
processes can deal adequately with the dynamic and uncertain nature
of climate change and support transformational responses (Kennedy et
al., 2010; Preston et al., 2011; Park et al., 2012; Dovers, 2013; Lawrence
et al., 2013b; McDonald, 2013; Stafford-Smith, 2013). Recent studies

suggest a greater focus on flexibility and matching decision-making
frameworks to specific problems (Hertzler, 2007; Nelson et al., 2008;
Dobes, 2010; Howden and Stokes, 2010; Randall et al., 2012). Limitations
of mainstreamed and autonomous adaptation and the case for more
proactive government intervention are being explored in Australia
(Productivity Commission, 2012; Johnston et al., 2013), but have not
yet resulted in new policy frameworks.

25.4.3. Psychological and Sociocultural Factors Influencing
Impacts of and Adaptation to Climate Change

Adapting to climate change relies on individuals accepting and
understanding changing risks and opportunities, and responding to
these changes both psychologically and behaviorally (see Chapters 2,
16). The majority of Australasians accept the reality of climate change
and less than 10% fundamentally deny its existence (high confidence;
ShapeNZ, 2009; Leviston et al., 2011; Lewandowsky, 2011; Milfont, 2012;
Reser et al., 2012b). Australians perceive themselves to be at higher risk
from climate change than New Zealanders and citizens of many other
countries, which may reflect recent experiences of climatic extremes
(Gifford et al., 2009; Agho et al., 2010; Ashworth et al., 2011; Milfont et
al., 2012; Reser et al., 2012c). However, beliefs about climate change
and its risks vary over time, are uneven across society, and reflect media
coverage and bias, political preferences, and gender (ShapeNZ, 2009;
Bacon, 2011; Leviston et al., 2012; Milfont, 2012), which can influence
attitudes to adaptation (Gardner et al., 2010; Gifford, 2011; Reser et al.,
2011; Alexander et al., 2012; Raymond and Spoehr, 2013).

Surveys in Australia between 2007 and 2011 show moderate to high levels
of climate change concern, distress, frustration, resolve, psychological
adaptation, and carbon-reducing behavior (medium evidence, high
agreement; Agho et al., 2010; Reser et al., 2012b,c). About two-thirds of
respondents expected global warming to worsen, with about half very
or extremely concerned that they or their family would be affected
directly. Direct experience with environmental changes or events attributed
to climate change, reported by 45% of respondents, was particularly
influential, but the extent to which resulting distress and concern
translate into support for planned adaptation has not been fully assessed
(Reser et al., 2012a,b).

Box 25-1 (continued)

In addition to raising minimum floor levels and creating coastal setbacks to limit further development in areas at risk, several councils

in Australia and New Zealand have consulted on or attempted to implement managed retreat policies (ECAN, 2005; BSC, 2010; HDC,

2012; KCDC, 2012). These policies remain largely untested in New Zealand, but experience in Australia has shown high litigation

potential and opposing priorities at different levels of government, undermining retreat policies (SCCCWEA, 2009; DCCEE, 2010; Abel

et al., 2011). Mandatory disclosure of information about future risks, community engagement, and policy stability are critical to support

retreat, but existing-use rights, liability concerns, special interests, community resources, place attachment, and divergent priorities at

different levels of government present powerful constraints (high confidence; Hayward, 2008b; Berry and Vella, 2010; McDonald,

2010; Abel et al., 2011; Alexander et al., 2012; Leitch and Robinson, 2012; Macintosh et al., 2013; Reisinger et al., 2013).
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Australia (Matusik et al., 2013), and eucalypts in sub-alpine regions in
Tasmania (Calder and Kirkpatrick, 2008). Mass die-offs of flying foxes
and cockatoos have been observed during heat waves (Welbergen et
al., 2008; Saunders et al., 2011). These examples provide high confidence
that extreme heat and reduced water availability, either singly or in
combination, will be significant drivers of future population losses and
will increase the risk of local species extinctions in many areas (e.g.,
McKechnie and Wolf, 2010; see also Figure 25-5). 

Species distribution modeling (SDM) consistently indicates future range
contractions for Australia’s native species even assuming optimistic rates
of dispersal, for example, Western Australian Banksia spp. (Fitzpatrick
et al., 2008), koalas (Adams-Hosking et al., 2011), northern macropods
(Ritchie and Bolitho, 2008), native rats (Green, K. et al., 2008), greater
gliders (Kearney et al., 2010b), quokkas (Gibson et al., 2010), platypus
(Klamt et al., 2011), birds (Garnett et al., 2013; van der Wal et al., 2013),
and fish (Bond et al., 2011). In some studies, complete loss of climatically
suitable habitat is projected for some species within a few decades, and
therefore increased risk of local and, perhaps, global extinction (medium
confidence). SDM has limitations (e.g., Elith et al., 2010; McGlone and
Walker, 2011) but is being improved through integration with physiological
(Kearney et al., 2010b) and demographic models (Keith et al., 2008;
Harris et al., 2012), genetic estimates of dispersal capacity (Duckett et
al., 2013), and incorporation into broader risk assessments (e.g., Williams
et al., 2008; Crossman et al., 2012). 

In Australia, assessments of ecosystem vulnerability have been based
on observed changes, coupled with projections of future climate in
relation to known biological thresholds and assumptions about adaptive
capacity (e.g., Laurance et al., 2011; Murphy et al., 2012). There is very
high confidence that one of the most vulnerable Australian ecosystems
is the alpine zone because of loss of snow cover, invasions by exotic
species, and changed species interactions (reviewed in Pickering et al.,
2008). There is also high confidence in substantial risks to coastal
wetlands such as Kakadu National Park subject to saline intrusion (BMT
WBM, 2011); tropical savannahs subject to changed fire regimes
(Laurance et al., 2011); inland freshwater and groundwater systems
subject to drought, over-allocation, and altered timing of floods (Pittock
et al., 2008; Jenkins et al., 2011; Pratchett et al., 2011); peat-forming
wetlands along the east coast subject to drying (Keith et al., 2010); and
biodiversity-rich regions such as southwest Western Australia (Yates et
al., 2010a,b) and tropical and subtropical rain forests in Queensland
subject to drying and warming (Stork et al., 2007; Shoo et al., 2011;
Murphy et al., 2012; Hagger et al., 2013).

The very few studies of climate change impacts on biodiversity in New
Zealand suggest that ongoing impacts of invasive species (Box 25-4)
and habitat loss will dominate climate change signals in the short to
medium term (McGlone et al., 2010), but that climate change has the
potential to exacerbate existing stresses (McGlone and Walker, 2011).
There is limited evidence but high agreement that the rich biota of the
alpine zone is at risk through increasing shrubby growth and loss of
herbs, especially if combined with increased establishment of invasive
species (McGlone et al., 2010; McGlone and Walker, 2011). Some cold
water-adapted freshwater fish and invertebrates are vulnerable to
warming (August and Hicks, 2008; Winterbourn et al., 2008; Hitchings,
2009; McGlone and Walker, 2011) and increased spring flooding may

increase risks for braided-river bird species (MfE, 2008b). For some
restricted native species, suitable habitat may increase with warming
(e.g., native frogs; Fouquet et al., 2010) although limited dispersal ability
will limit range expansion. Tuatara populations are at risk as warming
increases the ratio of males to females (Mitchell et al., 2010), although
the lineage has persisted during higher temperatures in the geological
past (McGlone and Walker, 2011).

25.6.1.3. Adaptation

High levels of endemism in both countries (Lindenmayer, 2007; Lundquist
et al., 2011) are associated with narrow geographic ranges and associated
climatic vulnerability, although there is greater scope for adaptive
dispersal to higher elevations in New Zealand than in Australia.
Anticipated rates of climate change, together with fragmentation of
remaining habitat and limited migration options in many regions
(Steffen et al., 2009; Morrongiello et al., 2011), will limit in situ adaptive
capacity and distributional shifts to more climatically suitable areas for
many species (high confidence). Significant local and global losses of
species, functional diversity, and ecosystem services, and large-scale
changes in ecological communities, are anticipated (e.g., Dunlop et al.,
2012; Gallagher et al., 2012b; Murphy et al., 2012). 

There is increasing recognition in Australia that rapid climate change
has fundamental implications for traditional conservation objectives
(e.g., Steffen et al., 2009; Prober and Dunlop, 2011; Dunlop et al., 2012;
Murphy et al., 2012). Research on impacts and adaptation in terrestrial
and freshwater systems has been guided by the National Adaptation
Research Plans (Hughes et al., 2010; Bates et al., 2011) and by research
undertaken within the CSIRO Climate Adaptation Flagship. Climate
change adaptation plans developed by many levels of government and
Natural Resource Management (NRM) bodies, supported by substantial
Australian government funding, have identified priorities that include
identification and protection of climatic refugia (Davis et al., 2013;
Reside et al., 2013); restoration of riparian zones to reduce stream
temperatures (Davies, 2010; Jenkins et al., 2011); construction of levees
to protect wetlands from saltwater intrusion (Jenkins et al., 2011);
reduction of non-climatic threats such as invasive species to increase
ecosystem resilience (Kingsford et al., 2009); ecologically appropriate
fire regimes (Driscoll et al., 2010); restoration of environmental flows
in major rivers (Kingsford and Watson, 2011; Pittock and Finlayson,
2011); protecting and restoring habitat connectivity in association with
expansion of the protected area network (Dunlop and Brown, 2008;
Mackey et al., 2008; Taylor and Philp, 2010; Prowse and Brook, 2011;
Maggini et al., 2013); and active interventionist strategies such as
assisted colonization to reduce probability of species extinctions
(Burbidge et al., 2011; McIntyre, 2011) or restore ecosystem services
(Lunt et al., 2013). Few specific measures have been implemented and
thus their effectiveness cannot yet be assessed. Biodiversity research
and management in New Zealand to date has taken little account of
climate change-related pressures and continues to focus largely on
managing pressures from invasive species and predators, freshwater
pollution, exotic diseases, and halting the decline in native vegetation,
although a number of specific recommendations have been made to
improve ecosystem resilience to future climate threats (McGlone et al.,
2010; McGlone and Walker, 2011).
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Box 25-3 | Impacts of a Changing Climate in Natural and Managed Ecosystems 

Observed changes in species, and in natural and managed ecosystems (Sections 25.6.1-2, 25.7.2) provide multiple lines of evidence

of the impacts of a changing climate. Examples of observations published since the AR4 are shown in Table 25-3.

Continued next page

Type of change 
and nature of 

evidence
Examples Time scale of 

observations

Confi dence in 
the detection 
of biological 

change

Potential climate change 
driver(s)

Confi dence 
in the role 

of climate vs 
other drivers

Morphology

Limited evidence 
(one study)

Declining body size of southeast Australian 
passerine birds, equivalent to ~7° latitudinal shift 
(Gardner et al., 2009)

About 100 years  Medium: Trend 
signifi cant 
for 4 out of 8 
species; 2 other 
species show 
same trend but 
not statistically 
signifi cant

Warming air temperatures about 
1.0°C over same period 

Medium: 
Nutritional cause 
discounted

Geographic distribution

High agreement, 
robust evidence for 
many marine species 
and mobile terrestrial 
species 

Southerly range extension of the barrens-forming 
sea urchin Centrostephanus rodgersii from the New 
South Wales coast to Tasmania; fl ow on impacts to 
marine communities including lobster fi shery; shift 
of 160 km per decade over 30 years (Ling, 2008; 
Ling et al., 2008, 2009; Banks et al., 2010)

About 30 – 50 years 
(fi rst recorded in 
Tasmania in late 1970s)

High Increased SST, ocean warming 
in southeast Australia, increased 
southerly penetration of the 
EAC, 350 km over 60 years

High

45 fi sh species, representing 27 families (about 
30% of the inshore fi sh families occurring in the 
region), exhibited major distributional shifts in 
Tasmania (Last et al., 2011).

Distributions from 
late 1880s, 1980s and 
present (1995 – now)

High Increased SST in southeast 
Australia, increased southerly 
penetration of the EAC 

Medium: 
Changed fi shing 
practices have 
potentially 
contributed to 
trends. 

Southward range shift of intertidal species 
(average minimum distance 116 km) off west 
coast of Tasmania; 55% species recorded at more 
southerly sites; only 3% species expanded to 
more northerly sites (Pitt et al., 2010).

About 50 years; sites 
resampled 2007– 2008, 
compared with 1950s 

Medium

 

Increased SST in southeast 
Australia (average 0.22°C per 
decade), increased southerly 
penetration of the EAC, 350 km 
over 60 years 

Medium

Life cycles

Robust evidence, 
medium agreement; 
increasing 
documentation of 
advances in phenology 
in some species 
(mainly migration 
and reproduction in 
birds, emergence in 
butterfl ies, fl owering 
in plants) but also 
signifi cant trends 
toward later life cycle 
events in some taxa; 
see meta-analysis for 
Southern Hemisphere 
phenology (Chambers 
et al., 2013a)

Signifi cant advance in mean emergence date of 
1.5 days per decade (1941– 2005) in the Common 
Brown Butterfl y Heteronympha merope in 
Australia (Kearney et al., 2010)

65 years High Increase in local air 
temperatures of 0.16°C per 
decade (1945 – 2007) 

High: Advance 
consistent with 
physiologically 
based model 
of temperature 
infl uence on 
development

Advances in spring phenology of migratory birds, 
and both advances and delays in phenology 
in other seasons at multiple Australian sites: 
meta-analysis of 52 species and 145 data sets 
(Chambers et al., 2013b)

Multiple time periods 
from 1960s, all 
included 1990s and 
2000s

High Local climate trends (increasing 
air temperature, decreased rain 
days) were more important 
than broad-scale drivers such as 
the Southern Oscillation Index. 
Strongest associations were with 
decreased rain days.

High: No other 
potential 
confounding 
factors identifi ed

Earlier wine-grape ripening at 9 of 10 sites in 
Australia (Webb, L. B. et al., 2012)

Multiple time periods 
up to 64 years (average 
41 years)

High Increased length of growing 
season, increased average 
temperature, and reduced soil 
moisture

Medium: 
Changed 
husbandry 
techniques, 
resulting in lower 
crop yields, may 
have contributed 
to trend.

Timing of migration of glass eels, Anguilla spp.,  
advanced by several weeks in Waikato River, 
North Island, New Zealand (Jellyman et al., 2009). 

30 years (2004 – 2005 
compared to 1970s)

Medium Warming water temperatures in 
spawning grounds

Low: Changes 
in discharge 
discounted as 
contributing 
factor

Table 25-3 |  Examples of detected changes in species, natural and managed ecosystems, consistent with a climate change signal, published since the AR4. Confi dence 
in detection of change is based on the length of study and the type, amount, and quality of data in relation to the natural variability in the particular species or system. 
Confi dence in the role of climate being a major driver of the change is based on the extent to which the detected change is consistent with that expected under climate 
change, and to which other confounding or interacting non-climate factors have been considered and been found insuffi cient to explain the observed change. (SST = 
sea surface temperature; EAC = East Australian Current.)
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Box 25-5 | Climate Change Vulnerability and Adaptation in Rural Areas

Rural communities in Australasia have higher proportions of older and unemployed people than urban populations (Mulet-Marquis

and Fairweather, 2008). Employment and economic prospects depend heavily on the physical environment and hence are highly

exposed to climate (averages, variability, and extremes) as well as changing commodity prices. These interact with other economic,

social, and environmental pressures, such as changing government policies (e.g., on drought, carbon pricing; Productivity Commission,

2009; Nelson et al., 2010) and access to water resources. The vulnerability of rural communities differs within and between countries,

reflecting differences in financial security, environmental awareness, policy and social support, strategic skills, and capacity for

diversification (Bi and Parton, 2008; Marshall, 2010; Nelson et al., 2010; Hogan et al., 2011b; Kenny, 2011).

Climate change will affect rural industries and communities through impacts on resource availability and distribution, particularly water.

Decreased availability and/or increased demand, or price, in response to climate change will increase tensions among agricultural,

mining, urban, and environmental water users (very high confidence), with implications for governance and participatory adaptation

processes to resolve conflicts (see Sections 25.4.2, 25.6.1, 25.7.2-3; Boxes 25-2, 25-10). Communities will also be affected through

direct impacts on primary production, extraction activities, critical infrastructure, population health, and recreational and culturally

significant sites (Kouvelis et al., 2010; Balston et al., 2012; see Sections 25.7-8).

Altered production and profitability risks and/or land use will translate into complex and interconnected effects on rural communities,

particularly income, employment, service provision, and reduced volunteerism (Stehlik et al., 2000; Bevin, 2007; Kerr and Zhang,

2009). The prolonged drought in Australia during the early 2000s, for example, had many interrelated negative social impacts in rural

communities, including farm closures, increased poverty, increased off-farm work, and, hence, involuntary separation of families,

increased social isolation, rising stress and associated health impacts, including suicide (especially of male farmers), accelerated rural

depopulation, and closure of key services (robust evidence, high agreement; Alston, 2007, 2010, 2012; Edwards and Gray, 2009;

Hanigan et al., 2012; see also Box CC-GC). Positive social change also occurred, however, including increased social capital through

interaction with community organizations (Edwards and Gray, 2009). While social and cultural changes have the potential to undermine

the adaptive capacity of communities (Smith, W. et al., 2011), robust ongoing engagement between farmers and the local community

can contribute to a strong sense of community and enhance potential for resilience (McManus et al., 2012; see also Section 25.4.3).

The economic impact of droughts on rural communities and the entire economy can be substantial. The most recent drought in

Australia (2006/7–2008/9), for example, is estimated to have reduced national GDP by about 0.75% (RBA, 2006) and regional GDP in

the southern Murray-Darling Basin was about 5.7% below forecast in 2007/08, along with the temporary loss of 6000 jobs (Wittwer

and Griffith, 2011). Widespread drought in New Zealand during 2007–2009 reduced direct and off-farm output by about NZ$3.6

billion (Butcher, 2009). The 2012–2013 drought in New Zealand is estimated to have reduced national GDP by 0.3 to 0.6% and

contributed to a significant rise in global dairy prices, which tempered even greater domestic economic losses (Kamber et al., 2013).

Drought frequency and severity are projected to increase in many parts of the region (Table 25-1).

The decisions of rural enterprise managers have significant consequences for and beyond rural communities (Pomeroy, 1996; Clark

and Tait, 2008). Many current responses are incremental, responding to existing climate variability (Kenny, 2011). Transformational

change has occurred where industries and individuals are relocating part of their operations in response to recent and/or expectations

of future climate or policy change (Kenny, 2011; see also Box 25-10), for example, rice (Gaydon et al., 2010), wine grapes (Park et al.,

2012), peanuts (Thorburn et al., 2012), or changing and diversifying land use in situ (e.g., the recent switch from grazing to cropping

in South Australia; Howden et al., 2010). Such transformational changes are expected to become more frequent and widespread with

a changing climate (high confidence; Section 25.7.2), with positive or negative implications for the wider communities in origin and

destination regions (Kiem and Austin, 2012).

Continued next page
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power generation (MED, 2011) would benefit from projected increases
in mean westerly winds but face increased risk of damages and shutdown
during extreme winds (Renwick et al., 2009).

Climate warming would reduce annual average peak electricity demands
by 1 to 2% per degree Celsius across New Zealand and 2(±1)% in New
South Wales, but increase by 1.1(±1.4)% and 4.6(±2.7)% in Queensland
and South Australia due to air conditioning demand (Stroombergen et
al., 2006; Jollands et al., 2007; Thatcher, 2007; Nguyen et al., 2010).
Increased summer peak demand, particularly in Australia (see also
Figure 25-5), will place additional stress on networks and can result in
blackouts (very high confidence; Jollands et al., 2007; Thatcher, 2007;
Howden and Crimp, 2008; Wang et al., 2010a). During the 2009 Victorian
heat wave, demand rose by 24% but electrical losses from transmission
lines increased by 53% due to higher peak currents (Nguyen et al.,
2010), and successive failures of the overloaded network temporarily
left more than 500,000 people without power (QUT, 2010). Various
adaptation options to limit increasing urban energy demand exist and
some are being implemented (see Box 25-9).

There is limited evidence but high agreement that without additional
adaptation, distribution networks in most Australian states will be at
high risk of failure by 2031–2070 under non-mitigation scenarios due
to increased bushfire risk and potential strengthening and southward
shift of severe cyclones in tropical regions (Maunsell and CSIRO, 2008;
Parsons Brinkerhoff, 2009). Adaptation costs have been estimated at
AU$2.5 billion to 2015, with more than half to meet increasing demand
for air conditioning and the remainder to increase resilience to climate-
related hazards; underground cabling would reduce bushfire risk but
has large investment costs that are not included (Parsons Brinkerhoff,
2009). Decentralized ownership of assets constitutes a significant
adaptation constraint (ATSE, 2008; Parsons Brinkerhoff, 2009). In New
Zealand, increasing high winds and temperatures have been identified
qualitatively as the most relevant risks to transmission (Jollands et al.,
2007; Renwick et al., 2009). 

25.7.5. Tourism

Tourism contributes 2.6 to 4% of GDP to the economies of Australia
and New Zealand (ABS, 2010a; SNZ, 2011). The net present value of the
Great Barrier Reef alone over the next 100 years has been estimated at
AU$51.4 billion (Oxford Economics, 2009). Most Australasian tourism is
exposed to climate variability and change (see Section 25.2 for projected
trends), and some destinations are highly sensitive to extreme events
(Hopkins et al., 2012). The 2011 floods and Tropical Cyclone Yasi, for
example, cost the Queensland tourism industry about AU$590 million,
mainly due to cancellations and damage to the Great Barrier Reef (PwC,
2011); and drought in the Murray-Darling Basin caused an estimated
AU$70 million loss in 2008 due to reduced visitor days (TRA, 2010).

25.7.5.1. Projected Impacts

Future impacts on tourism have been modeled for several Australian
destinations. The Great Barrier Reef is expected to degrade under all
climate change scenarios (Sections 25.6.2, 30.5; Box CC-CR), reducing

its attractiveness (Marshall and Johnson, 2007; Bohensky et al., 2011;
Wilson and Turton, 2011b). Ski tourism is expected to decline in the
Australian Alps due to snow cover reducing more rapidly than in New
Zealand (Pickering et al., 2010; Hendrikx et al., 2013) and greater
perceived attractiveness of New Zealand (Hopkins et al., 2012). Higher
temperature extremes in the Northern Territory are projected with
high confidence to increase heat stress and incur higher costs for air
conditioning (Turton et al., 2009). Sea level rise places pressures on
shorelines and long-lived infrastructure but implications for tourist
resorts have not been quantified (Buckley, 2008).

Economic modeling suggests that the Australian alpine region would
be most negatively affected in relative terms due to limited alternative
activities (Pham et al., 2010), whereas the competitiveness of some
destinations (e.g., Margaret River in Western Australia) could be enhanced
by higher temperatures and lower rainfall (Jones et al., 2010; Pham et
al., 2010). An analog-based study suggests that, in New Zealand,
warmer and drier conditions mostly benefit but wetter conditions and
extreme climate events undermine tourism (Wilson and Becken, 2011).
Confidence in outcomes is low, however, owing to uncertain future
tourist behaviour (Scott et al., 2012; see also Section 25.9.2).

25.7.5.2. Adaptation

Both New Zealand and Australia have formalized adaptation strategies
for tourism (Becken and Clapcott, 2011; Zeppel and Beaumont, 2011).
In Australia, institutions at various levels also promote preparation for
extreme events (Tourism Queensland, 2007, 2010; Tourism Victoria,
2010) and strengthening ecosystem resilience to maintain destination
attractiveness (GBRMPA, 2009b). Snow-making is already broadly
adopted to increase reliability of skiing (Bicknell and McManus, 2006;
Hennessy et al., 2008b), but its future effectiveness depends on location.
In New Zealand, even though warming will significantly reduce the
number of days suitable for snow-making (Hendrikx and Hreinsson, 2012),
sufficient snow could be made in all years until the end of the 21st century
to maintain current minimum operational skiing conditions. Options for
resorts in Australia’s Snowy Mountains are far more limited (Hendrikx et
al., 2013), where maintaining skiing conditions until at least 2020 would
require AU$100 million in capital investment into 700 snow guns and 2.5
to 3.3 GL of water per month (Pickering and Buckley, 2010).

Short investment horizons, high substitutability, and a high proportion
of human capital compared with built assets give high confidence that
the adaptive capacity of the tourism industry is high overall, except for
destinations where climate change is projected to degrade core natural
assets and diversification opportunities are limited (Evans et al., 2011;
Morrison and Pickering, 2011). Strategic adaptation decisions are
constrained by uncertainties in regional climatic changes (Turton et al.,
2010), limited concern (Bicknell and McManus, 2006), lack of leadership,
and limited coordinated forward planning (Sanders et al., 2008; Turton
et al., 2009; Roman et al., 2010; White and Buultjens, 2012). An
integrated assessment of tourism vulnerability in Australasia is not yet
possible owing to limited understanding of future changes in tourism
and community preferences (Scott et al., 2012), including the flow-on
effects of changing travel behavior and tourism preferences in other
world regions (see Section 25.9.2).
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One set of key risks comprises damages to natural ecosystems (significant
change in community structure of coral reefs and loss of some montane
ecosystems) that can be moderated by globally effective mitigation but
to which some damage now seems inevitable. For some species and
ecosystems, climatically constrained ecological niches, fragmented
habitats, and limited adaptive movement collectively present hard limits
to adaptation to further climate change (high confidence). A second set
of key risks (increase in flood risk, water scarcity, heat waves, and
wildfire) comprises damages that could be severe but can be reduced
substantially by globally effective mitigation combined with adaptation,
with the need for transformational adaptation increasing with the rate
and amount of climate change. A third set of key risks (coastal damages
from sea level rise, and loss of agriculture production from severe drying)
comprises potential impacts whose scale remains highly uncertain
within the 21st century, even for a given global temperature change,
and where alternative scenarios materially affect levels of concern,
adaptation needs, and strategies. Even though scenarios of severe drying
(see Section 25.5.2) or rapid sea level rise approaching 1 m or more by
2100 (see Box 25-2; WGI AR5 Section 13.5) have low or currently
unknown probabilities, the associated impacts would so severely
challenge adaptive capacity, including transformational changes, that
they constitute important risks.

A first comparative assessment for Australia of exposure and damages
from different hazards up to 2100 indicates that river flooding will
continue to be the most costly source of direct damages to infrastructure,
even though the largest value of assets is exposed to bush fire. Exposure
to and damages from coastal inundation are currently smaller, but
would rise most rapidly beyond mid-century if sea level rise exceeds
0.5 m (Baynes et al., 2012).

An emerging risk is the compounding of extreme events, none of which
would constitute a key risk in its own right, but that collectively and
cumulatively across space and time could stretch emergency response
and recovery capacity and hamper regional economic development,
including through impacts on insurance markets or multiple concurrent
needs for major infrastructure upgrades (NDIR, 2011; Phelan, 2011;
Baynes et al., 2012; Booth and Williams, 2012; Karoly and Boulter, 2013).
Efforts are underway to better understand the potential importance of
cumulative impacts and responses, including the challenges arising from
impacts and responses across different levels of government (Leonard,
M. et al., 2010; CSIRO, 2011), but evidence is as yet too limited to
identify this as a key risk consistent with the definitions adopted in this
report (see Chapter 19).

Climate change is projected to bring benefits to some sectors and parts
of Australasia, at least under limited warming scenarios associated with
globally effective mitigation (high confidence). Examples include an
extended growing season for agriculture and forestry in cooler parts of
New Zealand and Tasmania, reduced winter mortality (low confidence),
and reduced winter energy demand in most of New Zealand and southern
States of Australia, and increased winter hydropower potential in New
Zealand’s South Island (Sections 25.7.1-2, 25.7.4, 25.8.1).

The literature supporting this assessment of key risks is uneven among
sectors and between Australia and New Zealand; for the latter, conclusions
in many sectors are based on limited studies that often use a narrow

set of assumptions, models, and data and that, accordingly, have not
explored the full range of potential outcomes.

25.10.3. Challenges to Adaptation in Managing Key Risks,
and Limits to Adaptation

Two key and related challenges for regional adaptation are apparent:
to identify when and where adaptation may imply transformational
rather than incremental changes; and, where specific interventions are
needed to overcome adaptation constraints, in particular to support
transformational responses that require coordination across different
spheres of governance and decision making (Productivity Commission,
2012; Palutikof et al., 2013). The magnitude of climate change, especially
under scenarios of limited mitigation, and constraints to adaptation
suggest that incremental and autonomous responses will not deliver
the full range of available adaptation options nor ensure the continued
function of natural and human systems if some key risks are realized
(high confidence; see also Section 25.4).

Most incremental adaptation measures in natural ecosystems focus on
reducing other non-climate stresses but, even with scaled-up efforts,
conserving the current state and composition of the ecosystems most
at risk appears increasingly infeasible (Sections 25.6.1-2). Maintenance
of key ecosystem functions and services requires a radical reassessment
of conservation values and practices related to assisted colonization
and the values placed on “introduced” species (Steffen et al., 2009).
Divergent views regarding intrinsic and service values of species and
ecosystems imply the need for a proactive discussion to enable effective
decision making and resource allocation.

In human systems, incremental adjustments of current risk management
tools, planning approaches, and early warning systems for floods, fire,
drought, water resources, and coastal hazards can increase resilience
to climate variability and change, especially in the near term (IPCC, 2012;
Productivity Commission, 2012; Dovers, 2013). A purely incremental
approach, however, which generally aims to preserve current management
objectives, governance, and institutional arrangements, can make later
transformational changes increasingly difficult and costly (medium
evidence, high agreement; e.g., Howden et al., 2010; Park et al., 2012;
McDonald, 2013; Stafford-Smith, 2013). Examples of transformational
changes include: shifting emphasis from protection to accommodation
or avoidance of flood risk, including managed retreat from eroding
coasts; the translocation of industries in response to increasing drought,
flood, and fire risks or water scarcity; and the associated transformation
of the economic and social base and governance of some rural
communities (Boxes 25-1, 25-2, 25-5 to 25-9; Nelson et al., 2010;
Linnenluecke et al., 2011; Kiem and Austin, 2012; O’Neill and Handmer,
2012; McDonald, 2013; Palutikof et al., 2013).

Consideration of transformational adaptation becomes critical where
long life- or lead-times are involved, and where high up-front costs or
multiple interdependent actors create constraints that require coordinated
and proactive interventions (Stafford-Smith et al., 2011; Productivity
Commission, 2012; Palutikof et al., 2013). Deferring such adaptation
decisions because of uncertainty about the future will not necessarily
minimize costs or ensure adequate flexibility for future responses,
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Figure 26-3 | Observed and projected changes in annual average temperature and precipitation. (Top panel, left) Map of observed annual average temperature change from 
1901–2012, derived from a linear trend. [WGI AR5 Figures SPM.1 and 2.21] (Bottom panel, left) Map of observed annual precipitation change from 1951–2010, derived from a 
linear trend. [WGI AR5 Figures SPM.2 and 2.29] For observed temperature and precipitation, trends have been calculated where sufficient data permit a robust estimate (i.e., only 
for grid boxes with greater than 70% complete records and more than 20% data availability in the first and last 10% of the time period). Other areas are white. Solid colors 
indicate areas where trends are significant at the 10% level. Diagonal lines indicate areas where trends are not significant. (Top and bottom panel, right) CMIP5 multi-model 
mean projections of annual average temperature changes and average percent changes in annual mean precipitation for 2046–2065 and 2081–2100 under RCP2.6 and 8.5, 
relative to 1986–2005. 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-yr means) and ≥90% of models agree on sign of change. Colors with white dots indicate areas with strong agreement, where ≥66% of models show change 
greater than the baseline variability and ≥66% of models agree on sign of change. Gray indicates areas with divergent changes, where ≥66% of models show change greater 
than the baseline variability, but <66% agree on sign of change. Colors with diagonal lines indicate areas with little or no change, where <66% of models show change greater 
than the baseline variability, although there may be significant change at shorter timescales such as seasons, months, or days. Analysis uses model data and methods building 
from WGI AR5 Figure SPM.8. See also Annex I of WGI AR5. [Boxes 21-2 and CC-RC]
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the USA and Canada (Diffenbaugh et al., 2012; Figure 26-4), suggesting
that the increases in cold-season precipitation over these regions reflect
a shift towards increasing fraction of precipitation falling as rain rather
than snow (Diffenbaugh et al., 2012). Over much of the western USA
and western Canada, greater than 80% of years exhibit March snow
amount that is less than the late-20th-century median value beginning
in the mid-21st-century period in RCP8.5, with the ensemble-mean
change exceeding 2 standard deviations of the ensemble spread.
Likewise, greater than 60% of years exhibit March snow amount that is
less than the late-20th-century minimum value in the late-21st-century
period in RCP8.5, with the ensemble-mean change exceeding 2 standard
deviations of the ensemble spread (Diffenbaugh and Giorgi, 2012; Figure
26-4). CMIP5 also projects increases in the occurrence of extremely dry
summer seasons over much of Mexico, the USA, and southern Canada
(Figure 26-4). The largest increases occur over southern Mexico, where
greater than 30% of summers in the late-21st-century period in RCP8.5
exhibit seasonal precipitation that is less than the late-20th-century
minimum summer precipitation. 

For daily-scale extremes, almost all areas of North America exhibit very
likely increases of at least 5°C in the warmest daily maximum temperature
by the late-21st-century period in RCP8.5. Likewise, most areas of Canada
exhibit very likely increases of at least 10°C in the coldest daily minimum
temperature by the late-21st-century period in RCP8.5, while most areas
of the USA exhibit very likely increases of at least 5°C and most areas
of Mexico exhibit very likely increases of at least 3°C (Sillmann et al.,
2013; see also WGI AR5 Figure 12.13). In addition, almost all areas of
North America exhibit very likely increases of 5 to 20% in the 20-year
return value of extreme precipitation by the mid-21st-century period in
RCP4.5 (Figure 26-4), while most areas of the USA and Canada exhibit
very likely increases of at least 5% in the maximum 5-day precipitation
by the late-21st-century period in RCP8.5 (Sillmann et al., 2013; see also
WGI AR5 Figure 12.13). Further, almost all areas of Mexico exhibit very
likely increases in the annual maximum number of consecutive dry days
by the late-21st-century period in RCP8.5 (Sillmann et al., 2013; see also
WGI AR5 Figure 12.13).

26.3. Water Resources and Management

Water withdrawals are exceeding stressful levels in many regions of
North America such as the southwestern USA, northern and central
Mexico (particularly Mexico City), southern Ontario, and the southern
Canadian Prairies (CONAGUA, 2010; Romero-Lankao, 2010; Sosa-
Rodriguez, 2010; Averyt et al., 2011; Environment Canada, 2013a).
Water quality is also a concern with 10 to 30% of the surface monitoring
sites in Mexico having polluted water (CONAGUA, 2010), and about 44%
of assessed stream miles and 64% of assessed lake areas in the USA not
clean enough to support their uses (EPA, 2004). Stations in Canada’s
16 most populated drainage basins reported at least fair quality, with
many reporting good or excellent quality (Environment Canada, 2013b).
In basins outside of the populated areas there are some cases of
declining water quality where impacts are related to resource extraction,
agriculture, and forestry (Hebben, 2009).

Water management infrastructure in most areas of North America is in
need of repair, replacement, or expansion (Section 26.7). Climate change,

land use changes and population growth, and demand increases will
add to these stresses (Karl et al., 2009).

26.3.1. Observed Impacts of Climate Change
on Water Resources

26.3.1.1. Droughts and Floods

As reported in WGI AR5 Chapter 10 and in Section 26.2.2.1, it is not
possible to attribute changes in drought frequency in North America to
anthropogenic climate change (Prieto-González et al., 2011; Axelson et al.,
2012; Orlowsky and Senevirantne, 2013; Figure 26-1). Few discernible
trends in flooding have been observed in the USA (Chapter 3). Changes in
the magnitude or frequency of flood events have not been attributed to
climate change. Floods are generated by multiple mechanisms (e.g., land
use, seasonal changes, and urbanization); trend detection is confounded
by flow regulation, teleconnections, and long-term persistence (Section
26.2.2.1; Collins, 2009; Kumar et al., 2009; Smith et al., 2010; Villarini
and Smith, 2010; Villarini et al., 2011; Hirsch and Ryberg, 2012; INECC
and SEMARNAT, 2012a; Prokoph et al., 2012; Peterson et al., 2013). 

26.3.1.2. Mean Annual Streamflow

Whereas annual precipitation and runoff increases have been found in
the midwestern and northwestern USA, decreases have been observed
in southern states (Georgakakos et al., 2013). Chapter 3 notes the
correlation between changes in streamflow and observed regional
changes in temperature and precipitation. Kumar et al. (2009) suggest
that human activities have influenced observed trends in streamflow,
making attribution of changes to climate difficult in many watersheds.
Nonetheless, earlier peak flow of snowmelt runoff in snow-dominated
streams and rivers in western North America has been formally detected
and attributed to anthropogenic climate change (Barnett et al., 2008;
Das et al., 2011; Figure 26-1). 

26.3.1.3. Snowmelt

Warm winters produced earlier runoff and discharge but less snow
water equivalent and shortened snowmelt seasons in many snow-
dominated areas of North America (Barnett et al., 2005; Rood et al.,
2008; Reba et al., 2011; see also Section 26.2.2; Chapter 3).

26.3.2. Projected Climate Change Impacts and Risks

26.3.2.1. Water Supply

Most of this assessment focuses on surface water as there are few
groundwater studies (Tremblay et al., 2011; Georgakakos et al., 2013).
Impacts and risks vary by region and model used. 

In arid and semiarid western USA and Canada and in most of Mexico,
except the southern tropical area, water supplies are projected to be
further stressed by climate change, resulting in less water availability
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and increased drought conditions (Seager et al., 2007; Cayan et al.,
2010; MacDonald, 2010; Martínez Austria and Patiño Gómez, 2010;
Montero Martínez et al., 2010; CONAGUA, 2011; Prieto-González et al.,
2011; Bonsal et al., 2012; Diffenbaugh and Field, 2013; Orlowsky and
Seneviratne, 2013; Sosa-Rodriguez, 2013). Compounding factors include
saltwater intrusion, and increased groundwater and surface water
pollution (Leal Asencio et al., 2008). 

In the southwest and southeast USA, ecosystems and irrigation are
projected to be particularly stressed by decreases in water availability
due to the combination of climate change, growing water demand, and
water transfers to urban and industrial users (Seager et al., 2009;
Georgakakos et al., 2013). In the Colorado River basin, crop irrigation
requirements for pasture grass are projected to increase by 20% by
2040 and by 31% by 2070 (Dwyer et al., 2012). In the Rio Grande basin,
New Mexico, runoff is projected to decrease by 8 to 30% by 2080 due
to climate change. Water transfers may entail significant transaction
costs associated with adjudication and potential litigation, and might
have economic, environmental, social, and cultural impacts that vary
by water user (Hurd and Coonrod, 2012). In Mexico, water shortages
combined with increased water demands are projected to increase
surface and groundwater over-exploitation (CONAGUA, 2011). 

Other parts of North American are projected to have different climate
risks. The vulnerability of water resources over the tropical southern
region of Mexico is projected to be low for 2050: precipitation decreases
from 10 to 5% in the summer and no precipitation changes in the
winter. After 2050, greater winter precipitation is projected, increasing
the possibility of damaging hydropower and water storage dams by
floods, while precipitation is projected to decrease by 40 to 35% in the
summer (Martínez Austria and Patiño Gómez, 2010).

Throughout the 21st century, cities in northwest Washington are
projected to have drawdown of average seasonal reservoir storage in
the absence of demand reduction because of less snowpack even though
annual streamflows increase. Without accounting for demand increases,
projected reliability of all systems remains above 98% through mid-
and late-21st century (Vano et al., 2010a; CONAGUA, 2011). Throughout
the eastern USA, water supply systems will be negatively impacted by
lost snowpack storage, rising sea levels contributing to increased storm
intensities and saltwater intrusion, possibly lower streamflows, land use
and population changes, and other stresses (Sun et al., 2008; Obeysekera
et al., 2011). 

In Canada’s Pacific Northwest region, cool season flows are expected
to increase, while warm seasons flows would decrease (Hamlet, 2011).
Southern Alberta, where approximately two-thirds of Canadian irrigated
land is located, is projected to experience declines in mean annual
streamflow, especially during the summer (Shepherd et al., 2010; Poirier
and de Loë, 2012; Tanzeeba and Gan, 2012). In the Athabasca River
basin in northern Alberta, modeling results consistently indicate large
projected declines in mean annual flows (Kerkhoven and Gan, 2011).
In contrast, modeling results for basins in Manitoba indicate an increase
in mean annual runoff (Choi et al., 2009). Some model results for the
Fraser River basin in British Columbia indicate increases in mean annual
runoff by the end of the 21st century, while others indicate decreases
(Kerkhoven and Gan, 2011). In central Quebec, J. Chen et al. (2011)

project a general increase in discharge during November to April, and
a general decrease in summer discharge under most climate change
conditions. 

26.3.2.2. Water Quality 

Many recent studies project water quality declines due to the combined
impacts of climate change and development (Daley et al., 2009; Tu,
2009; Praskievicz and Chang, 2011; Wilson and Weng, 2011; Tong et
al., 2012). Increased wildfires linked to a warming climate are expected
to affect water quality downstream of forested headwater regions
(Emelko et al., 2011).

Model simulation of lakes under a range of plausible higher air
temperatures (Tahoe, Great Lakes, Lake Onondaga, and shallow polymictic
lakes), depending on the system, predict a range of impacts such as
increased phytoplankton, fish,and cyanobacteria biomass; lengthened
stratification periods with risks of significant hypolimnetic oxygen
deficits in late summer with solubilization of accumulated phosphorus
and heavy metals with accelerated reaction rates; and decreased lake
clarity (Dupuis and Hann, 2009; Trumpickas et al., 2009; Sahoo et al.,
2011; Taner et al., 2011). Model simulations have found seasonal climate
change impacts on nonpoint source pollution loads, while others have
found no impact (Marshall and Randhir, 2008; Tu, 2009; Taner et al.,
2011; Praskievicz and Chang, 2011). 

Changes in physical-chemical-biological parameters and micropollutants
are predicted to negatively affect drinking water treatment and distribution
systems (Delpla et al., 2009; Carriere et al., 2010; Emelko et al., 2011).
Wastewater treatment plants would be more vulnerable as increases
in rainfall and wet weather lead to higher rates of inflow and infiltration
(King County Department of Natural Resources and Parks, 2008; New
York City Department of Environmental Protection, 2008; Flood and
Cahoon, 2011). They would also face reduced hydraulic capacities due
to higher sea levels and increased river and coastal flooding (Flood and
Cahoon, 2011), with higher sea levels also threatening sewage collection
systems (Rosenzweig et al., 2007; King County Department of Natural
Resources and Parks, 2008).

26.3.2.3. Flooding

Projected increases in flooding (Georgakakos et al., 2013) may affect
sectors ranging from agriculture and livestock in southern tropical
Mexico (CONAGUA, 2010) to urban and water infrastructure in areas
such as Dayton (Ohio), metro Boston, and the Californian Bay-Delta
region (NRC, 1995; Kirshen et al., 2006; DWR, 2009; Wu, 2010). Floods
could begin earlier, and have earlier peaks and longer durations (e.g.,
southern Quebec basin). Urbanization can compound the impacts of
increased flooding due to climate change, particularly in the absence
of flood management infrastructure that takes climate change into
account (Hejazi and Markus, 2009; Mailhot and Duchesne, 2010; Sosa-
Rodriguez, 2010). Ntelekos et al. (2010) estimate that annual riverine
flood losses in the USA could increase from approximately US$2 billion
now to US$7 to US$19 billion annually by 2100 depending on emission
scenario and economic growth rate. 
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vulnerabilities since AR4 motivate further exploration. Further treatment
of grasslands and shrublands can be found in Section 4.3.3.2.2; wetlands
and peatlands in Section 4.3.3.3; and tundra, alpine, and permafrost
systems in Section 4.3.3.4. Additional synthesis of climate change impacts
on terrestrial, coastal, and ocean ecosystems can be found in Chapter 8
of the U.S. National Climate Assessment (Groffman et al., 2013).

26.4.2. Tree Mortality and Forest Infestation

26.4.2.1. Observed Impacts

Droughts of unusual severity, extent, and duration have affected large
parts of western and southwestern North America and resulted in
regional-scale forest dieback in Canada, the USA, and Mexico. Extensive
tree mortality has been related to drought exacerbated by high
summertime temperatures in trembling aspen (Populus tremuloides),
pinyon pine (Pinus edulis), and lodgepole pine (Pinus contorta) since
the early 2000s (Breshears et al., 2005; Hogg et al., 2008; Raffa et al.,
2008; Michaelian et al., 2011; Anderegg et al., 2012). In 2011 and 2012,
forest dieback in northern and central Mexico was associated with
extreme temperatures and severe droughts (Comisión Nacional Forestal,
2012a). Widespread forest-mortality events triggered by extreme
climate events can alter ecosystem structure and function (Phillips et
al., 2009; Allen et al., 2010; Anderegg et al., 2013). Similarly, multi-
decadal changes in demographic rates, particularly mortality, indicate
climate-mediated changes in forest communities over longer periods
(Hogg and Bernier, 2005; Williamson et al., 2009). Average annual
mortality rates increased from less than 0.5% of trees per year in the
1960s in forests of western Canada and the USA to, respectively, 1.5 to
2.5% (Peng et al., 2011), and 1.0 to 1.5% in the 2000s in the USA (van
Mantgem et al., 2009). 

The influences of climate change on ecosystem disturbance, such as
insect outbreaks, have become increasingly salient and suggest that
these disturbances could have a major influence on North American
ecosystems and economy in a changing climate. In terms of carbon
stores these outbreaks have the potential to turn forests into carbon
sources (Kurz et al., 2008a,b; Hicke et al., 2012). Warm winters in
western Canada and USA have increased winter survival of the larvae
of bark beetles, helping drive large-scale forest infestations and forest
die-off in western North America since the early 2000s (Bentz et al.,
2010). Beginning in 1994, mountain pine beetle outbreaks have severely
affected more than 18 million hectares of pine forests in British Columbia,
and outbreaks are expanding northwards (Energy, Mines and Resources,
2012).

26.4.2.2. Projected Impacts and Risks

Projected increases in drought severity in southwestern forests and
woodlands in USA and in northwestern Mexico suggest that these
ecosystems may be increasingly vulnerable, with impacts including
vegetation mortality (Overpeck and Udall, 2010; Seager and Vecchi,
2010; Williams et al., 2010) and an increase of biological agents such
as beetles, borers, pathogenic fungi, budworms, and other pests (Drake
et al., 2005). An index of forest drought stress calibrated from tree rings

indicates that projected drought stress by the 2050s in the SRES A2
scenario from the CMIP3 model ensemble, due primarily to warming-
induced rises in vapor pressure deficit, exceeds the most severe droughts
of the past 1000 years (Williams et al., 2013). 

Under a scenario with large changes in global temperature (SRES A2)
increases in growing-season temperature in forest soils in southern Quebec
are as high as 5.0°C toward the end of the century and decreases of
soil water content reach 20 to 40% due to elevated evapotranspiration
rates (Houle et al., 2012). More frequent droughts in tropical forests
may change forest structure and regional distribution, favoring a higher
prevalence of deciduous species in the forests of Mexico (Drake et al.,
2005; Trejo et al., 2011).

Shifts in climate are expected to lead to changes in forest infestation,
including shifts of insect and pathogen distributions into higher latitudes
and elevations (Bentz et al., 2010). Predicted climate warming is
expected to have effects on bark beetle population dynamics in the
western USA, western Canada, and northern Mexico that may include
increases in developmental rates, generations per year, and changes in
habitat suitability (Waring et al., 2009). As a result, the impacts of bark
beetles on forest resources are expected to increase (Waring et al.,
2009).

Wildfire, a potentially powerful influence on North American forests in
the 21st century, is discussed in Box 26-2.

26.4.3. Coastal Ecosystems

Highly productive estuaries, coastal marshes, and mangrove ecosystems
are present along the Gulf Coast and the East and West Coasts of North
America. These ecosystems are subject to a wide range of non-climate
stressors, including urban and tourist developments and the indirect
effects of overfishing (Bhatti et al., 2006; Mortsch et al., 2006; CONABIO
et al., 2007; Lund et al., 2007). Climate change adds risks from SLR,
warming, ocean acidification, extratropical cyclones, altered upwelling,
and hurricanes and other storms. 

26.4.3.1. Observed Climate Impacts and Vulnerabilities

SLR, which has not been uniform across the coasts of North America
(Crawford et al., 2007; Kemp et al., 2008; Leonard et al., 2009; Zavala-
Hidalgo et al., 2010; Sallenger, Jr. et al., 2012), is directly related to
flooding and loss of coastal dunes and wetlands, oyster beds, seagrass,
and mangroves (Feagin et al., 2005; Cooper et al., 2008; Najjar et al., 2010;
Ruggiero et al., 2010; Martinez Arroyo et al., 2011; McKee, 2011). 

Increases in sea surface temperature in estuaries alter metabolism,
threatening species, especially coldwater fish (Crawford et al., 2007).
Historical warm periods have coincided with low salmon abundance
and restriction of fisheries in Alaska (Crozier et al., 2008; Karl et al.,
2009). North Atlantic cetaceans and tropical coral reefs in the Gulf of
California and the Caribbean have been affected by increases in the
incidence of diseases associated with warm waters and low water quality
(ICES, 2011; Mumby et al., 2011).
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further changes in the seasonal timing of pollen release (high
confidence). Another driver of future pollen could be changing spatial
patterns of vegetation as a result of climate change. Regarding clean
water supplies, extreme precipitation can overwhelm combined sewer
systems and lead to overflow events that threaten human health (Patz
et al., 2008). Conditional on a future increase in such events, we can
anticipate increasing risks related to water-borne diseases.

Whether future warmer winters in the USA and Canada will promote
transmission of diseases like dengue and malaria is uncertain, in part
because of access to amenities such as screening and air-conditioning
that provide barriers to human-vector contact. Socioeconomic factors also
play important roles in determining risks. Better longitudinal data sets
and empirical models are needed to address research gaps on climate-
sensitive infectious diseases, as well as to provide a better mechanism
for weighting the roles of external drivers such as climate change on a
macro/micro scale, human-environmental changes on a regional to local
scale, and extrinsic factors in the transmission of vector-borne infectious
diseases (Wilson, 2009; McGregor, 2011).

26.6.3. Adaptation Responses

Early warning and response systems can be developed to build resilience
to events like heat waves, storms, and floods (Ebi, 2011) and protect
susceptible populations, which include infants, children, the elderly,
individuals with pre-existing diseases, and those living in socially and/
or economically disadvantaged conditions (Pinkerton et al., 2012).
Adaptation planning at all scales to build resilience for health systems in
the face of a changing climate is a growing priority (Kinney et al., 2011).
Adaptation to heat events can occur via physiologic mechanisms, indoor
climate control, urban-scale cooling initiatives, and with implementation
of warning and response systems (Romero-Lankao et al., 2012b).
Additional research is needed on the extent to which warning systems
prevent deaths (Harlan and Ruddell, 2011). Efforts to reduce GHG
emissions could provide health co-benefits, including reductions in heat-
related and respiratory illnesses (Luber et al., 2014). 

26.7. Key Economic Sectors and Services

There is mounting evidence that many economic sectors across North
America have experienced climate impacts and are adapting to the risk
of loss and damage from weather perils. This section covers the literature
for the energy, transportation, mining, manufacturing, construction and
housing, and insurance sectors in North America. Recent studies find a
range of adaptive practices and adaptation responses to experience
with extreme events, and only an emerging consideration of proactive
adaptation in anticipation of future global warming. 

26.7.1. Energy

26.7.1.1. Observed Impacts

Energy demand for cooling has increased as building stock and air
conditioning penetration have increased (Wilbanks et al., 2012). Extreme

weather currently poses risk to the energy system (Wilbanks et al.,
2012). For example, Hurricane Sandy resulted in a loss of power to 8.5
million customers in the northeastern USA (NOAA, 2013). Energy
consumption is a major user of water resources in North America, with
49% of the water withdrawals in the USA for thermoelectric power
(Kenny et al., 2009). 

26.7.1.2. Projected Impacts

Demand for summer cooling is projected to increase and demand for
winter heating is projected to decrease. Total energy demand in North
America is projected to increase in coming decades because of non-
climate factors (Galindo, 2009; National Energy Board, 2011; EIA, 2013).
Climate change is projected to have varying geographic impacts. In
Canada, a net decrease in residential annual energy demand is
projected by 2050 and by 2100 (Isaac and Van Vuuren, 2009; Schaeffer
et al., 2012). It is difficult to project changes in net energy demand in
the USA because of uncertainties in such factors as climate change, and
change in technology, population, and energy prices. Peak demand for
electricity is projected to increase more than the average demand for
electricity, with capacity expansion needed in many areas (Wilbanks
et al., 2012). Given the projected increases in energy demand in the
southern USA from climate change (Auffhammer and Aroonruengsawat,
2011, 2012), it is reasonable to conclude that Mexico will have a net
increase in demand.

Major water resource-related concerns include effects of increased
cooling and other demands for water and water scarcity in the west;
effects of extreme weather events, SLR, hurricanes, and seasonal
droughts in the southeast; and effects of increased cooling demands in
the northern regions (CCSP, 2007; MacDonald et al., 2012; Wilbanks et
al., 2012; DOE-PI, 2013).

The magnitude of projected impacts on hydropower potential will vary
significantly between regions and within drainage basins (Desrochers
et al., 2009; Kienzle et al., 2012; Shrestha et al., 2012). Annual mean
hydropower production in the Peribonka River in Quebec is estimated
to increase by approximately 10% by mid-century and 20% late in the
century under the A2 scenario (Minville et al., 2009). 

Higher temperatures and increased climate variability can have adverse
impacts on renewable energy production such as wind and solar (DOE-
PI, 2013). Changing cloud cover affects solar energy resources, changes
in winds affect wind power potentials, and temperature change and
water availability can affect biomass production (CCSP, 2007; DOE-PI,
2013). 

26.7.1.3. Adaptation

Many adaptations are underway to reduce vulnerability of the energy
sector to extreme climate events such as heat, drought, and flooding
(DOE-PI, 2013). Adaptation includes many approaches such as increased
supply and demand efficiency (e.g., through more use of insulation), more
use of urban vegetation and reflective surfaces, improved electric grid,
reduced reliance on above-ground distribution systems, and distributed
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which have restricted fisheries and thus affected fishing communities
(Karl et al., 2009). As well, MacKendrick and Parkins (2005), Parkins and
MacKendrick (2007), Parkins (2008), and Holmes (2010) identified 30
communities and 25,000 families in British Columbia negatively affected
by the mountain pine beetle outbreak (see Section 26.4.1.1). 

While droughts are among the more notable extreme events affecting
North American urban and rural settlements recently, with severe
occurrences in the Canadian Prairies causing economic and employment
losses (2001–2002; Wheaton et al., 2007), changes in drought frequency
in North America have not been attributed to anthropogenic climate
change (Figure 26-1). The 2010–2012 drought across much of the USA
and northern Mexico was considered the most severe in a century
(MacDonald, 2010). It affected 80% of agricultural land in the USA,
with 2000 counties designated disaster zones by September (USDA ERS,
2012). Impacts include the loss of 3.2 million tons of maize in Mexico,
placing 2.5 million at risk of food insecurity (DGCS, 2012). Among the
most severely affected were indigenous peoples, such as the Rarámuri
of Chihuahua (DGCS, 2012). Closely associated with droughts, the
impacts of recent wildfires have been significant (see Box 26-2), and
have intensified inequalities in vulnerability between amenity migrants
and low-income residents in peri-urban areas of California and Colorado
(Collins and Bolin, 2009).

Other extreme events include heat waves, resulting in excess urban
mortality (O’Neill and Ebi, 2009; Romero-Lankao et al., 2012b) and
affecting infrastructure and built environments. For example, road
pavement in Chicago buckled under temperatures higher than 100°F
(CBS Chicago, 2012); in Colorado two wildfires burned more than 600
homes (NOAA NCDC, 2013).

Extreme storms and extreme precipitation have also impacted several
North American regions (Figures 26-1, 26-2). Flood frequency has
increased in some cities, a trend sometimes associated with more intense
precipitation (e.g., Mexico City and Charlotte, North Carolina, USA;
Villarini et al., 2009; Magana, 2010), while in others this trend is
associated with a transition from flood events dominated by snowmelt
to those caused by warm-season thunderstorms (e.g., Québec, Canada,
and Milwaukee, Wisconsin, USA; Ouellet et al., 2012; Yang et al., 2013).
As illustrated by Hurricane Sandy (Neria and Shultz, 2012; Powell et al.,
2012), storms impact human health and health care access (Section
26.6.1.1), and impacts on infrastructure and the built environment have
been costly. Heavy precipitation, storm surges, flash floods, and wind—
including flooding on the US East Coast and Midwest (2011), hurricanes
and floods in the city of Villa Hermosa (Galindo et al., 2009) and other
urban areas in southern Mexico (2004–2005)—have compromised
homes and businesses (Comfort, 2006; Kirshen et al., 2008; Jonkman
et al., 2009; Romero-Lankao, 2010). Hurricane Wilma alone caused
US$1.8 billion in damage, among the biggest insurance losses in Latin
American history (Galindo et al., 2009). 

The impacts of interacting hazards compound vulnerabilities (Section
26.8.2). Coastal settlements are at risk from the combined occurrence
of coastal erosion, health effects, infrastructure, and economic damage
from storm surges. Earlier thaw (Friesinger and Bernatchez, 2010), SLR,
and coastal flooding have been detected along the Mid-Atlantic, Gulf of
Mexico, and St. Lawrence (Kirshen et al., 2008; Friesinger and Bernatchez,

2010; Zavala-Hidalgo et al., 2010; Rosenzweig et al., 2011; Tebaldi et
al., 2012). 

Climate impacts on the ecosystem function and services (e.g., water
supplies, biodiversity, or flood protection) provided to human settlements
are another concern. While acknowledged in some places (e.g., Mexico
City Climate Action Plan), they have received relatively less scholarship
attention (Hunt and Watkiss, 2011). 

26.8.2. Observed Factors and Processes
Associated with Vulnerability

Differences in the severity of climate impacts on human settlements are
strongly influenced by context-specific vulnerability factors and processes
(Table 26-1; Cutter et al., 2013), some of which are common to many
settlements, while others are more pertinent to some types of settlements
than others. Human settlements simultaneously face a multi-level array
of non-climate-related hazards (e.g., economic, industrial, technological)
that contribute to climate change vulnerability (McGranahan et al.,
2007; Satterthwaite et al., 2007; Romero-Lankao and Dodman, 2011).
In the following subsections we highlight key sources of vulnerability
for urban and rural systems. 

26.8.2.1. Urban Settlements

Hazard risks in urban settlements are enhanced by the concentration of
populations, economic activities, cultural amenities, and built environments
particularly when they are in highly exposed locations such as coastal
and arid areas. Cities of concern include those in the Canadian prairies
and USA-Mexico border region; and major urban areas including Boston,
New York, Chicago, Washington DC, Los Angeles, Villa Hermosa, Mexico
City, and Hermosillo (Bin et al., 2007; Collins, 2008; Kirshen et al., 2008;
Collins and Bolin, 2009; Galindo et al., 2009; Gallivan et al., 2009;
Hayhoe et al., 2010; Romero-Lankao, 2010; Rosenzweig et al., 2010;
Wittrock et al., 2011).

Risks may also be heightened by multiple interacting hazards. Slow-
onset events such as urban heat islands, for instance, interact with poor
air quality in large North American cities to exacerbate climate impacts
on human health (Romero-Lankao et al., 2013a). As illustrated by recent
weather events (Figure 26-2), however, hazard interactions can also
follow individual, high-magnitude extreme events of short duration, with
cascading effects across interconnected energy, transportation, water,
and health infrastructures and services to contribute to and compound
urban vulnerability (Gasper et al., 2011). Wildfire vulnerability in the
southwest has been compounded by peri-urban growth (Collins and
Bolin, 2009; Brenkert-Smith, 2010). Under current financial constraints
in many cities, climate-related economic losses can reduce resources
available to address social issues, thus threatening institutional capacity
and urban livelihoods (Kundzewicz et al., 2008). 

The urbanization process and urban built-environments of North America
can amplify climate impacts as they change land use and land surface
physical characteristics (e.g., surface albedo; Chen, F. et al., 2011). A
34% increase in US urban land development (Alig et al., 2004) between
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1982 and 1997 had implications for water supplies and extreme
event impacts. Effects on water are of special concern (Section 26.3), as
urbanization can enhance or reduce precipitation, depending on climate
regime; geographical location; and regional patterns of land, energy,
and water use (Cuo et al., 2009). Urbanization also has significant impacts
on flood climatology through atmospheric processes tied to the urban heat
island (UHI), the urban canopy layer (UCL), and the aerosol composition
of airsheds (Ntelekos et al., 2010). The UHI can also increase health risks
differentially, due to socio-spatial inequalities across and within North
American cities (Harlan et al., 2008; Miao et al., 2011).

Urbanization imposes path dependencies that can amplify or attenuate
vulnerability (Romero-Lankao and Qin, 2011). The overexploitation of
Mexico City’s aquifer by 19.1 to 22.2 m3 s–1, for example, has reduced
groundwater levels and caused subsidence, undermining building
foundations and infrastructure and increasing residents’ vulnerability
to earthquakes and heavy rains (Romero-Lankao, 2010).

Elements of the built-environment such as housing stock, urban form,
the condition of water and power infrastructures, and changes in urban
and ecological services also affect vulnerability. Large, impermeable
surfaces and buildings disrupt drainage channels and accelerate runoff
(Walsh et al., 2005). Damage from floods can be much more catastrophic
if drainage or waste collection systems are inadequate to accommodate
peak flows (Richardson, 2010; Sosa-Rodriguez, 2010). While many
Canadian and US cities are in need of infrastructure adaptation upgrades
(Doyle et al., 2008; Conrad, 2010), Mexican cites are faced with existing
infrastructure deficits (Niven et al., 2010; Hardoy and Romero-Lankao,
2011), and high levels of socio-spatial segregation (Smolka and Larangeira,
2008; see also Section 26.7).

Recent weather hazards (Figure 26-2) illustrate that economic activities
and highly valued physical capital of cities (real estate, interconnected
infrastructure systems) are very sensitive to climate-related disruptions
that can result in high impacts; activities in some urban areas are
particularly exposed to key resource constraints (e.g., water in the USA-
Mexico border; oil industry in Canada, USA, and Mexico; Conrad, 2010;
Levy et al., 2010); others are dependent upon climate-sensitive sectors
(e.g., tourism; Lal et al., 2011). Disruptions to production, services, and
livelihoods, and changes in the costs of raw materials, also impact the
economic performance of cities (Hunt and Watkiss, 2011). 

Cities are relatively better endowed than rural populations with individual
and neighborhood assets such as income, education, quality of housing,
and access to infrastructure and services that offer protection from climate
hazards. However, intra-urban socio-spatial differences in access to
these assets shape response capacities (Harlan and Ruddell, 2011;
Romero-Lankao et al., 2013a). All this means that class and socio-spatial
segregation are key determinants not only of vulnerability but also of
inequalities in risk generation and distribution within cities. Economic
elites are better positioned to access the best land and enjoy the rewards
of environmental amenities such as clean air, safe drinking water, open
space, and tree shade (Morello-Frosch et al., 2002; Harlan et al., 2006,
2008; Ruddell et al., 2011). Although wealthy sectors are moving into
risk prone coastal and forested areas (Collins, 2008), and certain hazards
(air pollution) affect both rich and poor alike (Romero-Lankao et al.,
2013a), climate risks tend to be disproportionally borne by the poor or

otherwise marginalized populations (Cutter et al., 2008; Collins and
Bolin, 2009; Romero-Lankao, 2010; Wittrock et al., 2011). In some cities,
marginalized populations are moving to peri-urban areas with inadequate
services, a portfolio of precarious livelihood mechanisms, and inappropriate
risk-management institutions (Collins and Bolin, 2009; Eakin et al., 2010;
Monkkonen, 2011; Romero-Lankao et al., 2012a).

Although cities have comparatively higher access than rural municipalities
to determinants of institutional capacity such as human resources and
revenue pools, their governance arrangements are often hampered by
jurisdictional conflicts, asymmetries in information and communication
access, fiscal constraints on public services including emergency personnel,
and top-down decision making. These governance issues exacerbate
urban vulnerabilities and constrain urban adaptation planning (Carmin
et al., 2012; Romero-Lankao et al., 2013a).

26.8.2.2. Rural Settlements

The legacy of previous and current stressors in North American rural
communities, including rapid population growth or loss, reduced
employment, and degradation of local knowledge systems, can increase
vulnerability (Brklacich et al., 2008; Coles and Scott, 2009; McLeman,
2010). North American rural communities have a higher proportion of
lower income and unemployed populations and higher poverty than
cities (Whitener and Parker, 2007; Lal et al., 2011; Skoufias et al., 2011).
55% of Mexico’s rural residents live in poverty, and the livelihood of
72% of these is in farming (Saldaña-Zorrilla, 2008). US and Canadian
rural communities have older populations (McLeman, 2010) and lower
education levels (Lal et al., 2011). Indigenous communities have lower
education levels and high levels of poverty, but are younger than average
populations (Downing and Cuerrier, 2011). The legacy of their colonial
history, furthermore, has stripped Indigenous communities of land and
many sources of social and human capital (Brklacich et al., 2008; Hardess
et al., 2011). Conversely, rural and Indigenous community members
possess valuable local and experiential knowledge regarding regional
ecosystem services (Galloway McLean et al., 2011). 

Rural economies have limited economic diversity and relatively high
dependence on climate-sensitive sectors (Johnston et al., 2008; Lemmen
et al., 2008; Molnar, 2010); they are sensitive to climate-induced reductions
in resource supply and productivity, in addition to direct exposure to
climate hazards (Daw et al., 2009). Single-sector economic dependence
contributes significantly to vulnerability (Cutter et al., 2003). Engagement
in export markets presents opportunity but also exposure to economic
volatility (Eakin, 2006; Saldaña-Zorilla and Sandberg, 2009), and economic
downturns take attention away from climate change adaptation. Farming
and fishing provide both economic and food security, the impacts of
climate thus posing a double threat to livelihood (Badjek et al., 2010),
particularly among women (Bee et al., 2013). Inter-related factors affecting
vulnerability in forestry and fishing communities include over-harvesting
and the cumulative environmental effects of multiple land use activities
(Brklacich et al., 2008).

Many tourism-based communities are dominated by seasonal economies
and low-wage, service-based employment (Tufts, 2010), and small
businesses that lack resources for emergency planning (Hystad and
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(La Plata Basin) and Amazon Rivers. Nevertheless, in both cases the
average change showed a positive value consistent, at least with
observations for the La Plata Basin. In a more recent work Nakaegawa
et al. (2013a) showed a statistically significant increase for both basins
in a study that replicated that of Nohara et al. (2006) but with a different
hydrologic model. Focusing in extreme flows Guimberteau et al. (2013)
show that by the middle of the century no change is found in high flow
on the main stem of the Amazon River but there is a systematic reduction
in low-flow streamflow. In contrast, the northwestern part of the
Amazon River shows a consistent increase in high flow and inundated
area (Guimberteau et al., 2013; Langerwisch et al., 2013). On top of
such climatic uncertainty, future streamflows and water availability
projections are confounded by the potential effects of land use changes
(Moore et al., 2007; Coe et al., 2009; Georgescu et al., 2013).

The CA region shows a consistent future runoff reduction. Maurer et al.
(2009) studied climate change projections for the Lempa River basin, one
of the largest basins in CA, covering portions of Guatemala, Honduras,
and El Salvador. They showed that future climate projections (increase
in evaporation and reduction in precipitation) imply a reduction of 20%
in inflows to major reservoirs in this system (see Table 27-4). Imbach et
al. (2012) found similar results using a modeling approach that also
considered potential changes in vegetation. These effects could have
large hydropower generation implications as discussed in the case study
in Section 27.6.1.

The evolution of tropical Andes glaciers associated future climate
scenarios has been studied using trend (e.g., Poveda and Pineda, 2009),
regression (e.g., Juen et al., 2007; Chevallier et al., 2011), and explicit
modeling (e.g., Condom et al., 2012) analysis. These studies indicate that
glaciers will continue their retreat (Vuille et al., 2008a) and even disappear
as glacier equilibrium line altitude rises, with larger hydrological effects
during the dry season (Kaser et al., 2010; Gascoin et al., 2011). This is
expected to happen during the next 20 to 50 years (Juen et al., 2007;
Chevallier et al., 2011; see Table 27-4). After that period water availability
during the dry months is expected to diminish. A projection by Baraer
et al. (2012) for the Santa River in the Peruvian Andes finds that once
the glaciers are completely melt, annual discharge would decrease by
2 to 30%, depending on the watershed. Glacier retreat can exacerbate
current water resources-related vulnerability (Bradley et al., 2006; Casassa
et al., 2007; Vuille et al., 2008b; Mulligan et al., 2010), diminishing the
mountains’ water regulation capacity, making the supply of water for
diverse purposes, as well as for ecosystems integrity, more expensive
and less reliable (Buytaert et al., 2011). Impacts on economic activities
associated with conceptual scenarios of glacier melt reduction have been
monetized (Vergara et al., 2007), representing about US$100 million in
the case of water supply for Quito, and between US$212 million and
US$1.5 billion in the case of the Peruvian electricity sector due to losses
of hydropower generation (see the case study in Section 27.6.1). Andean
communities will face an important increase in their vulnerability, as
documented by Mark et al. (2010), Pérez et al. (2010), and Buytaert and
De Bièvre (2012).

In central Chile, Vicuña et al. (2011) project changes in the seasonality of
streamflows of the upper snowmelt-driven watersheds of the Limarí River,
associated with temperature increases and reductions in water availability
owing to a reduction (increase) in precipitation (evapotranspiration).

Similar conclusions are derived across the Andes on the Limay River in
Argentina by Seoane and López (2007). Under these conditions, semi-
arid highly populated basins (e.g., Santiago, Chile) and with extensive
agriculture irrigation and hydropower demands are expected to increase
their current vulnerability (high confidence; ECLAC, 2009a; Souvignet
et al., 2010; Fiebig-Wittmaack et al., 2012; Vicuña et al., 2012; see Table
27-4). Projected changes in the cryosphere conditions of the Andes
could affect the occurrence of extreme events, such as extreme low and
high flows (Demaria et al., 2013), Glacial Lake Outburst Floods (GLOF)
occurring in the ice fields of Patagonia (Dussaillant et al., 2010; Marín et
al., 2013), volcanic collapse and debris flow associated with accelerated
glacial melting in the tropical Andes (Carey, 2005; Carey et al., 2012b;
Fraser, 2012), and with volcanoes in southern Chile and Argentina
(Tormey, 2010), as well as scenarios of water quality pollution by exposure
to contaminants as a result of glaciers’ retreat (Fortner et al., 2011).

Another semi-arid region that has been studied thoroughly is northeast
Brazil (Hastenrath, 2012). de Mello et al. (2008), Gondim et al. (2008),
Souza et al. (2010), and Montenegro and Ragab (2010) have shown
that future climate change scenarios would decrease water availability
for agriculture irrigation owing to reductions in precipitation and increases
in evapotranspiration (medium confidence). Krol and Bronstert (2007)
and Krol et al. (2006) presented an integrated modeling study that
linked projected impacts on water availability for agriculture with
economic impacts that could potentially drive full-scale migrations in
the NEB region.

27.3.1.2. Adaptation Practices

At an institutional level, a series of policies have been developed to reduce
vulnerability to climate variability as faced today in different regions
and settings. In 1997, Brazil instituted the National Water Resources
Policy and created the National Water Resources Management System
under the shared responsibility between the states and the federal
government. Key to this new regulation has been the promotion of
decentralization and social participation through the creation of National
Council of Water Resources and their counterparts in the states, the
States Water Resources Councils. The challenges and opportunities
dealing with water resources management in Brazil in the face of climate
variability and climate change have been well studied (Abers, 2007;
Kumler and Lemos, 2008; Medema et al., 2008; Engle et al., 2011; Lorz et
al., 2012). Other countries in the region are following similar approaches.
In the last years, there have been constitutional and legal reforms
toward more efficient and effective water resources management and
coordination among relevant actors in Honduras, Nicaragua, Ecuador,
Peru, Uruguay, Bolivia, and Mexico; although in many cases, these
innovations have not been completely implemented (Hantke-Domas,
2011). Institutional and governance improvements are required to
ensure an effective implementation of these adaptation measures (e.g.,
Halsnæs and Verhagen, 2007; Engle and Lemos, 2010; Lemos et al.,
2010; Zagonari, 2010; Pittock, 2011; Kirchhoff et al. 2013).

With regard to region-specific freshwater resources issues it is important
to consider adaptation to reduce vulnerabilities in the communities along
the tropical Andes and the semi-arid basins in Chile-Argentina, NEB,
and the northern CA basins. Different issues have been addressed in
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The greatest flooding levels (hurricanes not considered) in the region
are found in Rio de La Plata area, which combine a 5 mm yr–1 change
in storm surge with SLR changes in extreme flooding levels (ECLAC,
2011a; Losada et al., 2013). Extreme flooding events may become more
frequent because return periods are decreasing, and urban coastal areas
in the eastern coast will be particularly affected, while at the same time
beach erosion is expected to increase in southern Brazil and in scattered
areas at the Pacific coast (ECLAC, 2011a).

The majority of the literature concerning climate change impacts for
coastal and marine ecosystems considers coral reefs (see also Chapter 5;
Box CC-CR), mangroves, and fisheries. Coral reefs are particularly
sensitive to climate-induced changes in the physical environment (Baker
et al., 2008) to an extent that one-third of the more than 700 species
of reef-building corals worldwide are already threatened with extinction
(Carpenter et al., 2008). Coral bleaching and mortality are often associated
with ocean warming and acidification (Baker et al., 2008). If extreme
sea surface temperatures were to continue, the projections using SRES
scenarios (A1FI, 3ºC sensitivity, and A1B with 2ºC and 4.5ºC sensitivity)
indicate that it is possible that the Mesoamerican coral reef will collapse
by mid-century (between 2050 and 2070), causing major economic
losses (Vergara, 2009). Extreme high sea surface temperatures have
been increasingly documented in the western Caribbean near the coast

of CA and have resulted in frequent bleaching events (1993, 1998, 2005,
and again in 2010) of the Mesoamerican coral reef, located along the
coasts of Belize, Honduras, and Guatemala (Eakin et al., 2010). Reef and
also mangrove ecosystems are estimated to contribute greatly to goods
and services in economic terms. In Belize, for example, this amount is
approximately US$395 to US$559 million annually, primarily through
marine-based tourism, fisheries, and coastal protection (Cooper et al.,
2008). In the Eastern Tropical Pacific, seascape trace abundance of
cement and elevated nutrients in upwelled waters are factors that help
explain high bioerosion rates of local coral reefs (Manzello et al., 2008).
In the southwestern Atlantic coast, eastern Brazilian reefs might suffer
a massive coral cover decline in the next 50 years (Francini-Filho et al.,
2008). This estimate is based on coral disease prevalence and progression
rate, along with growth rate of Mussismilia braziliensis—a major reef-
building coral species that is endemic in Brazil. These authors also
pointed out that coral diseases intensified between 2005 and 2007 based
on qualitative observations since the 1980s and regular monitoring since
2001. They have also predicted that the studied coral species will be
nearly extinct in less than a century if the current rate of mortality due
to disease is not reversed. 

Mangroves are largely affected by anthropogenic activities whether or
not they are climate driven. All mangrove forests, along with important
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Figure 27-6 | Current and predicted coastal impacts (a) and coastal dynamics (b) in response to climate change. (a) Coastal impacts: Based on trends observed and projections, 
the figure shows how potential impacts may be distributed in the region (ECLAC, 2011a). Flooding: Since flooding probability increases with increasing sea level, one may 
expect a higher probability of flooding in locations showing >40% of change over the last 60 years in 100-year total sea level (excluding hurricanes). The figure also identifies 
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potential sediment transport have increased over a certain threshold have a higher probability of being eroded. Sea ports and reliability of coastal structures: Shows 
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satellite information. Advanced statistical techniques have been used for obtaining trends including uncertainties (Izaguirre et al., 2013; Losada et al., 2013).
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ecosystem goods and services, could be lost in the next 100 years if the
present rate of loss continues (1 to 2% a year; Duke et al., 2007). Moreover,
estimates are that climate change may lead to a maximum global loss
of 10 to 15% of mangrove forest by 2100 (Alongi, 2008). In CA and SA,
some of the main drivers of loss are deforestation and land conversion,
agriculture, and shrimp ponds (Polidoro et al., 2010). The Atlantic and
Pacific coasts of CA are some of the most endangered on the planet
with regard to mangroves, as approximately 40% of present species
are threatened with extinction (Polidoro et al., 2010). Approximately
75% of the global mangrove extension is concentrated in 15 countries,
among which Brazil is included (Giri et al., 2011). The rate of survival of
original mangroves lies between 12.8 and 47.6% in the Tumaco Bay
(Colombia), resulting in ecosystem collapse, fisheries reduction, and
impacts on livelihoods (Lampis, 2010). Gratiot et al. (2008) project for the
current decade an increase of mean high water levels of 6 cm followed
by 90 m shoreline retreat, implying flooding of thousands of hectares
of mangrove forest along the coast of French Guiana.

Peru and Colombia are two of the eight most vulnerable countries to
climate change impacts on fisheries, owing to the combined effect of
observed and projected warming, to species and productivity shifts in
upwelling systems, to the relative importance of fisheries to national
economies and diets, and limited societal capacity to adapt to potential
impacts and opportunities (Allison et al., 2009). Fisheries production
systems are already pressured by overfishing, habitat loss, pollution,
invasive species, water abstraction, and damming (Allison et al., 2009).
In Brazil, a decadal rate of 0.16 trophic level decline (as measured by
the Marine Trophic Index, which refers to the mean trophic level of the
catch) has been detected through most of the northeastern coast,
between 1978 and 2000, which is one of the highest rates documented
in the world (Freire and Pauly, 2010).

Despite the focus in the literature on corals, mangroves, and fisheries,
there is evidence that other benthic marine invertebrates that provide key
services to reef systems, such as nutrient cycling, water quality regulation,
and herbivory, are also threatened by climate change (Przeslawski et al.,
2008). The same applies for seagrasses, for which a worldwide decline
has accelerated from a median of 0.9% yr–1 before 1940 to 7% yr–1 since

1990, which is comparable to rates reported for mangroves, coral reefs,
and tropical rainforests, and place seagrass meadows among the most
threatened ecosystems on earth (Waycott et al., 2009).

A major challenge of particular relevance at local and global scales will
be to understand how these physical changes will impact the biological
environment of the ocean (e.g., Gutiérrez et al., 2011b), as the Humboldt
Current system—flowing along the west coast of SA—is the most
productive upwelling system of the world in terms of fish productivity.

27.3.3.2. Adaptation Practices

Designing marine protected areas (MPAs) that are resilient to climate
change is a key adaptation strategy in coastal and marine environments
(McLeod et al., 2009). By 2007, LA and the Caribbean (which includes CA
and SA countries) had more than 700 MPAs established covering around
1.5% of the coastal and shelf waters, most of which allow varying levels
of extractive activities (Guarderas et al., 2008). This protected area cover,
however, is insufficient to preserve important habitats or connectivity
among populations at large biogeographic scales (Guarderas et al., 2008).

Nevertheless, examples of adaptation in CA and SA are predominantly
related to MPAs. In Brazil, a protected area type known as “Marine
Extractive Reserves” currently benefits 60,000 small-scale fishermen along
the coast (de Moura et al., 2009). Examples of fisheries’ co-management,
a form of a participatory process involving local fishermen communities,
government, academia, and non-governmental organizations, are reported
to favor a balance between conservation of marine fisheries, coral reefs,
and mangroves on the one hand (Francini-Filho and de Moura, 2008),
and the improvement of livelihoods, as well as the cultural survival of
traditional populations on the other (de Moura et al., 2009; Hastings,
2011).

Significant financial and human resources are expended annually in the
marine reserves to support reef management efforts. These actions,
including the creation of marine reserves to protect from overfishing,
improvement of watershed management, and protection or replanting of

Frequently Asked Questions

FAQ 27.2 |  Can payment for ecosystem services be used as an effective way
                  to help local communities adapt to climate change?

Ecosystems provide a wide range of basic services, such as providing breathable air, drinkable water, and moderating
flood risk (very high confidence). Assigning values to these services and designing conservation agreements based
on these (broadly known as payment for ecosystem services, or PES) can be an effective way to help local communities
adapt to climate change. It can simultaneously help protect natural areas and improve livelihoods and human well-
being (medium confidence). However, during design and planning, a number of factors need to be taken into
consideration at the local level to avoid potentially negative results. Problems can arise if (1) the plan sets poor
definitions about whether the program should focus just on actions to be taken or the end result of those actions,
(2) many perceive the initiative as commoditization of nature and its intangible values, (3) the action is inefficient
to reduce poverty, (4) difficulties emerge in building trust between various stakeholders involved in agreements,
and (5) there are eventual gender or land tenure issues.
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coastal mangroves, are proven tools to improve ecosystem functioning.
In Mesoamerican reefs Carilli et al. (2009) found out that such actions
may also actually increase the thermal tolerance of corals to bleaching
stress and thus the associated likelihood of surviving future warming.

In relation to mangroves, in addition to marine protected areas that
include mangroves and functionally linked ecosystems, Gilman et al. (2008)
list a number of other relevant adaptation practices: coastal planning
to facilitate mangrove migration with SLR, management of activities
within the catchment that affect long-term trends in the mangrove
sediment elevation, better management of non-climate stressors, and
the rehabilitation of degraded areas. However, such types of practices
are not frequent in the region. 

On the other hand, the implementation of adaptation strategies to SLR
or to address coastal erosion is more commonly seen in many countries
in the region (Lacambra and Zahedi, 2011). For instance, redirecting new
settlements to better-protected locations and to promote investments
in appropriate infrastructure shall be required in the low elevation
coastal zones (LECZ) of the region, particularly in lower income countries
with limited resources, which are especially vulnerable. The same applies
to countries with high shares of land (e.g., Brazil ranking 7th worldwide
of the total land area in the LECZ) and/or population (e.g., Guyana and
Suriname ranking 2nd and 5th by the share of population in the LECZ,
having respectively 76 and 55% of their populations in such areas)
(McGranahan et al., 2007). Adaptation will demand effective and
enforceable regulations and economic incentives, all of which require
political will as well as financial and human capital (McGranahan et al.,
2007). Adaptive practices addressing river flooding are also being
made available as in the study of Casco et al. (2011) for the low Paraná
River in Argentina (see also Chapters 5 and 6 for coastal and marine
adaptation).

27.3.4. Food Production Systems and Food Security

27.3.4.1. Observed and Projected Impacts and Vulnerabilities

Increases in the global demand for food and biofuels promoted a sharp
increase in agricultural production in SA and CA, associated mainly
with the expansion of planted areas (see Chapter 7), and this trend is
predicted to continue in the future (see Section 27.2.2.1). Ecosystems
are being and will be affected in isolation and synergistically by climate
variability/change and land use changes, which are comparable drivers
of environmental change (see Sections 27.2.2.1, 27.3.2.1). By the end
of the 21st century (13 GCMs, under SRES A1B and B1) SA could lose
between 1 and 21% of its arable land due to climate change and
population growth (Zhang and Cai, 2011). 

Optimal land management could combine efficient agricultural and
biofuels production with ecosystem preservation under climate change.
However, current practices are leading to a deterioration of ecosystems
throughout the continent (see Section 27.3.2). In southern Brazilian
Amazonia water yields (mean daily discharge (mm d–1)) were near four
times higher in soy than in forested watersheds, and showed greater
seasonal variability (Hayhoe et al., 2011). In the Argentinean Pampas
current land use changes disrupt water and biogeochemical cycles and

may result in soil salinization, altered carbon and nitrogen storage,
surface runoff, and stream acidification (Nosetto et al., 2008; Berthrong
et al., 2009; Farley et al., 2009). In central Argentina flood extension
was associated with the dynamics of groundwater level, which has been
influenced by precipitation and land use change (Viglizzo et al., 2009).

27.3.4.1.1. Observed impacts

The SESA region has shown significant increases in precipitation and
wetter soil conditions during the 20th century (Giorgi, 2002; see Table
27-1) that benefited summer crops and pastures productivity, and
contributed to the expansion of agricultural areas (Barros, 2008a; Hoyos
et al., 2012). Wetter conditions observed during 1970–2000 (in relation
to 1930–1960) led to increases in maize and soybean yields (9 to 58%)
in Argentina, Uruguay, and southern Brazil (Magrin et al., 2007b). Even
if rainfall projections estimate increases of about 25% in SESA for 2100,
agricultural systems could be threatened if climate reverts to a drier
situation due to inter-decadal variability. This could put at risk the viability
of continuous agriculture in marginal regions of Argentina’s Pampas
(Podestá et al., 2009). During the 1930s and 1940s, dry and windy
conditions together with deforestation, overgrazing, overcropping, and
non-suitable tillage produced severe dust storms, cattle mortality, crop
failure, and rural migration (Viglizzo and Frank, 2006).

At the global scale (see Chapter 7), warming since 1981 has reduced
wheat, maize, and barley productivity, although the impacts were small
compared with the technological yield gains over the same period
(Lobell and Field, 2007). In central Argentina, simulated potential wheat
yield—without considering technological improvements—has been
decreasing at increasing rates since 1930 (1930–2000: –28 kg ha–1 yr–1;
1970–2000: –53 kg ha–1 yr–1) in response to increases in minimum
temperature during October–November (1930–2000: +0.4°C per decade;
1970–2000: +0.6°C per decade) (Magrin et al., 2009). The observed
changes in the growing season temperature and precipitation between
1980 and 2008 have slowed the positive yield trends due to improved
genetics in Brazilian wheat, maize, and soy, as well as Paraguayan soy.
In contrast, rice in Brazil and soybean in Argentina have benefited from
precipitation and temperature trends (Lobell et al., 2011). In Argentina,
increases in soybean yield may be associated with weather types that
favor the entry of cold air from the south, reducing thermal stress during
flowering and pod set, and weather types that increase the probability
of dry days at harvest (Bettolli et al., 2009).

27.3.4.1.2. Projected impacts

Assessment of future climate scenarios implications to food production
and food security (see Table 27-5) shows a large range of uncertainty
across the spectrum of climate models and scenarios. One of the
uncertainties is related to the effect of CO2 on plant physiology. Many
crops (such as soybean, common bean, maize, and sugarcane) can
probably respond with an increasing productivity as a result of higher
growth rates and better water use efficiency. However, food quality
could decrease as a result of higher sugar contents in grain and fruits,
and decreases in the protein content in cereals and legumes (DaMatta
et al., 2010). Uncertainties associated with climate and crop models, as
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Andes poses important adaptation challenges for many cities, for
example, the metropolitan areas of Lima, La Paz/El Alto, and Santiago
de Chile (Bradley et al., 2006; Hegglin and Huggel, 2008; Melo et al.,
2010). Flooding is also a preoccupation in several cities. In São Paulo
for example, according to Marengo et al. (2009b, 2013b) the number
of days with rainfall above 50 mm were almost zero during the 1950s
and now they occur between two and five times per year (2000–2010).
The increase in precipitation is one of the expected risks affecting the
city of São Paulo as presented in Box 27-2. Increases in flood events
during 1980–2000 have been observed also in the Buenos Aires
province and Metropolitan Area (Andrade and Scarpati, 2007; Barros et
al., 2008; Hegglin and Huggel, 2008; Nabel et al., 2008). There are also
the combined effects of climate change impacts, human settlements’
features, and other stresses, such as more intense pollution events
(Moreno, 2006; Nobre, 2011; Nobre et al., 2011; Romero-Lankao et al.,
2013b) and more intense hydrological cycles from urban heat island
effects. In terms of these combined effects, peri-urban areas and
irregular settlements pose particular challenges to urban governance
and risk management given their scale, lack of infrastructure, and
socioeconomic fragility (Romero-Lankao et al., 2012a).

Changes in prevailing urban climates have led to changing patterns
of disease vectors, and water-borne disease issues linked to water

availability and subsequent quality (see Section 27.3.7). The influence
of climate change on particulate matter and other local contaminants
is another concern (Moreno, 2006; Romero-Lankao et al., 2013b). It is
important to highlight the relationship between water and health, given
the problems of water stress and intense precipitation events affecting
many urban centers. Both relate to changing disease risks, as well as wider
problems of event-related mortalities and morbidity, and infrastructure
and property damage. These risks are compounded for low-income
groups in settlements with little or no service provision, for example,
waste collection, piped drinking water, and sanitation (ECLAC, 2008).
Existing cases of flooding, air pollution, and heat waves reveal that not
only low-income groups are at risk, but also that wealthier sectors are
not spared. Factors such as high-density settlement (Barros et al., 2008)
and the characteristics of some hazards explain this—for example, poor
and wealthy alike are at risk from air pollution and temperature in
Santiago de Chile and Bogotá (Romero-Lankao et al., 2012b, 2013b).

There are also other climate change risks in terms of economic activity
location and impacts on urban manufacturing and service workers (e.g.,
thermal stress; Hsiang, 2010) and the forms of urban expansion or sprawl
into areas where ecosystem services may be compromised and risks
enhanced (e.g., floodplains). Both processes are also related to rising
motorization rates that facilitate suburban development and new

Box 27-2 | Vulnerability of South American Megacities to Climate Change:
                The Case of the Metropolitan Region of São Paulo

Research in the Metropolitan Region of São Paulo (MRSP), between 2009 and 2011, represents a comprehensive and interdisciplinary

project on the impacts of climate variability and change, and vulnerability of Brazilian megacities. Studies derived from this project

(Nobre et al., 2011; Marengo et al., 2013b) identify the impacts of climate extremes on the occurrence of natural disasters and

human health. These impacts are linked to a projected increase of 38% in the extension of the urban area of the MRSP by 2030,

accompanied by a projected increase in rainfall extremes. These may induce an intensification of urban flash floods and landslides,

affecting large populated areas already vulnerable to climate extremes and variability. The urbanization process in the MRSP has

been affecting the local climate, and the intensification of the heat island effect to a certain degree may be responsible for the 2°C

warming detected in the city during the last 50 years (Nobre et al., 2011). This warming has been further accompanied by an increase

in heavy precipitation as well as more frequent warm nights (Silva Dias et al., 2012; Marengo et al., 2013b). By 2100, climate projections

based on data from 1933–2010 show an expected warming between 2°C and 3°C in the MRSP, together with a possible doubling of

the number of days with heavy precipitation in comparison to the present (Silva Dias et al., 2012; Marengo et al., 2013b).

With the projected changes in climate and in the extension of the MRSP (Marengo et al., 2013b) more than 20% of the total area of

the city could be potentially affected by natural disasters. More frequent floods may increase the risk of leptospirosis, which, together

with increasing air pollution and worsening environmental conditions that trigger the risk of respiratory diseases, would leave the

population of the MRSP more vulnerable. Potential adaptation measures include a set of strategies that need to be developed by the

MRSP and its institutions to face these environmental changes. These include improved building controls to avoid construction in risk

areas, investment in public transportation, protection of the urban basins, and the creation of forest corridors in the collecting basins

and slope regions. The lessons learned suggest that the knowledge on the observed and projected environmental changes, as well as

on the vulnerability of populations living in risk areas, is of great importance for defining adaptation policies that in turn constitute a

first step toward building resilient cities that in turn improve urban quality of life in Brazil.
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(Arboleda et al., 2009), and in French Guiana alongside malaria (Carme
et al., 2009; Gharbi et al., 2011). In Venezuela, dengue fever increases
during La Niña (Rodríguez-Morales and Herrera-Martinez, 2009; Herrera-
Martinez and Rodríguez-Morales, 2010). Weather and climate variability
are also associated with dengue fever in southern SA (Honório et al.,
2009; Costa et al., 2010; de Carvalho-Leandro et al., 2010; Degallier et
al., 2010; Lowe et al., 2011), involving also demographic and geographic
factors in Argentina (Carbajo et al., 2012). In Rio de Janeiro a 1°C increase
in monthly minimum temperature led to a 45% increase of dengue fever
in the next month, and 10 mm increase in rainfall to a 6% increase
(Gomes et al., 2012). Despite large vaccination campaigns, the risk of
yellow fever outbreaks has increased mostly in tropical America’s
densely populated poor urban settings (Gardner and Ryman, 2010),
alongside climate conditions (Jentes et al., 2011). 

Schistosomiasis is endemic in rural areas of Suriname, Venezuela, the
Andean highlands, and rural and peripheral urbanized regions of Brazil
(Barbosa et al., 2010; Kelly-Hope and Thomson, 2010; Igreja, 2011). It
is highly likely that schistosomiasis will increase in a warmer climate
(Mangal et al., 2008; Mas-Coma et al., 2009; Lopes et al., 2010).
Vegetation indices are associated with human fascioliasis in the Andes
(Fuentes, 2004). 

Hantaviruses have been recently reported throughout the region
(Jonsson et al., 2010; MacNeil et al., 2011), and El Niño and climate
change augment their prevalence (Dearing and Dizney, 2010). Variation
in hantavirus reservoirs in Patagonia is strongly dependent on climate
and environmental conditions (Andreo et al., 2012; Carbajo et al., 2009).
In Venezuela, rotavirus is more frequent and more severe in cities with
minimal seasonality (Kane et al., 2004). The peak of rotavirus in
Guatemala occurs in the dry season, causing 60% of total diarrhea cases
(Cortes et al., 2012). 

In spite of its rapid decline, climate-sensitive Chagas disease is still a
major public health issue (Tourre et al., 2008; Moncayo and Silveira,
2009; Abad-Franch et al., 2009; Araújo et al., 2009; Gottdenker et al.,
2011). Climate also affects the most prevalent mycosis (Barrozo et al.,
2009), and ENSO is associated with outbreaks of bartonellosis in Peru
(Payne and Fitchett, 2010).

The high incidence of cutaneous leishmaniasis in Bolivia is exacerbated
during La Niña (Gomez et al., 2006; García et al., 2009). Cutaneous
leishmaniasis is affected in Costa Rica by temperature, forest cover, and
ENSO (Chaves et al., 2008), and in Colombia by land cover, altitude,
climatic variables, and El Niño (Cárdenas et al., 2006, 2007, 2008;
Valderrama-Ardila et al., 2010), and decreases during La Niña in
Venezuela (Cabaniel et al., 2005). Cutaneous leishmaniasis in Suriname
peaks during the March dry season (35%; van der Meide et al., 2008),
and in French Guiana is intensified after the October-December dry
season (Rotureau et al., 2007). The incidence of visceral leishmaniasis
has increased in Brazil (highest in LA) in association with El Niño and
deforestation (Ready, 2008; Cascio et al., 2011; Sortino-Rachou et al.,
2011), as in Argentina, Paraguay, and Uruguay (Bern et al., 2008;
Dupnik et al., 2011; Salomón et al., 2011; Fernández et al., 2012).
Visceral leishmaniasis transmission in Venezuela is associated with
rainfall seasonality (Feliciangeli et al., 2006; Rodríguez-Morales et al.,
2007). The incidence of skin cancer in Chile has increased in recent years,
concomitantly with climate and geographic variables (Salinas et al., 2006). 

Onchocerciasis (river blindness) vector exhibits seasonal biting rates
(Botto et al., 2005; Rodríguez-Pérez et al., 2011), and leptospirosis is
prevalent in CA’s warm-humid tropical regions (Valverde et al., 2008).
Other climate-driven infectious diseases are ascariasis and gram-
positive cocci in Venezuela (Benítez et al., 2004; Rodríguez-Morales et
al., 2010) and Carrion’s disease in Peru (Huarcaya et al., 2004).

Seawater temperature affects the abundance of cholera bacteria (Koelle,
2009; Jutla et al., 2010; Marcheggiani et al., 2010; Hofstra, 2011), which
explains the outbreaks during El Niño in Peru, Ecuador, Colombia, and
Venezuela (Cerda Lorca et al., 2008; Martínez-Urtaza et al., 2008;
Salazar-Lindo et al., 2008; Holmner et al., 2010; Gavilán and Martínez-
Urtaza, 2011; Murugaiah, 2011).

The worsening of air quality and higher temperatures in urban settings
are increasing chronic respiratory and cardiovascular diseases, and
morbidity from asthma and rhinitis (Grass and Cane, 2008; Martins and
Andrade, 2008; Gurjar et al., 2010; Jasinski et al., 2011; Rodriguez et
al., 2011), but also atherosclerosis, pregnancy-related outcomes, cancer,
cognitive deficit, otitis, and diabetes (Olmo et al., 2011). Dehydration

Frequently Asked Questions

FAQ 27.3 |  Are there emerging and reemerging human diseases
                  as a consequence of climate variability and change in the region?

Human health impacts have been exacerbated by variations and changes in climate extremes. Climate-related
diseases have appeared in previously non-endemic regions (e.g., malaria in the Andes, dengue in CA and southern
SA) (high confidence). Climate variability and air pollution have also contributed to increase the incidence of
respiratory and cardiovascular, vector- and water-borne and chronic kidney diseases, hantaviruses and rotaviruses,
pregnancy-related outcomes, and psychological trauma (very high confidence). Health vulnerabilities vary with
geography, age, gender, ethnicity, and socioeconomic status, and are rising in large cities. Without adaptation
measures (e.g., extending basic public health services), climate change will exacerbate future health risks, owing
to population growth rates and existing vulnerabilities in health, water, sanitation and waste collection systems,
nutrition, pollution, and food production in poor regions (medium confidence).
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Executive Summary

Additional and stronger scientific evidence has accumulated since the AR4 that reinforces key findings made in the Fourth Assessment Report

(AR4).

The impacts of climate change, and the adaptations to it, exhibit strong spatial heterogeneity in the polar regions because of the

high diversity of social systems, biophysical regions, and associated drivers of change (high confidence). {28.2.2} For example, the

tree line has moved northward and upward in many, but not all, Arctic areas (high confidence) and significant increases in tall shrubs and

grasses have been observed in many places (very high confidence). {28.2.3.1.2}

Some marine species will shift their ranges in response to changing ocean and sea ice conditions in the polar regions (medium

confidence). The response rate and the spatial extent of the shifts will differ by species based on their vulnerability to change and their life

history. {28.2.2, 28.3.2} Loss of sea ice in summer and increased ocean temperatures are expected to impact secondary pelagic production in

some regions of the Arctic Ocean, with associated changes in the energy pathways within the marine ecosystem (medium confidence). These

changes are expected to alter the species composition of zooplankton in some regions, with associated impacts on some fish and shellfish

populations (medium confidence). {28.2.2.1} Also, changes in sea ice and the physical environment to the west of the Antarctic Peninsula are

altering phytoplankton stocks and productivity, and krill (high confidence). {28.2.2.2} 

Climate change is impacting terrestrial and freshwater ecosystems in some areas of Antarctica and the Arctic. This is due to

ecological effects resulting from reductions in the duration and extent of ice and snow cover and enhanced permafrost thaw (very high

confidence), and through changes in the precipitation-evaporation balance (medium confidence). {28.2.1, 28.2.3}

The primary concern for polar bears over the foreseeable future is the recent and projected loss of annual sea ice cover, decreased

ice duration, and decreased ice thickness (high confidence). Of the two subpopulations where data are adequate for assessing abundance

effects, it is very likely that the recorded population declines are caused by reductions in sea ice extent. {28.2.2.1.2, 28.3.2.2.2} 

Rising temperatures, leading to the further thawing of permafrost, and changing precipitation patterns have the potential to

affect infrastructure and related services in the Arctic (high confidence). {28.3.4.3} Particular concerns are associated with damage to

residential buildings resulting from thawing permafrost, including Arctic cities; small, rural settlements; and storage facilities for hazardous

materials. {28.2.4-5} 

In addition, there is new scientific evidence that has emerged since the AR4.

The physical, biological, and socioeconomic impacts of climate change in the Arctic have to be seen in the context of often

interconnected factors that include not only environmental changes caused by drivers other than climate change but also

demography, culture, and economic development. Climate change has compounded some of the existing vulnerabilities caused by these

other factors (high confidence). {28.2.4-5, 28.4} For example, food security for many Indigenous and rural residents in the Arctic is being

impacted by climate change, and in combination with globalization and resource development food insecurity is projected to increase in the

future (high confidence). {28.2.4} 

The rapid rate at which climate is changing in the polar regions will impact natural and social systems (high confidence) and may

exceed the rate at which some of their components can successfully adapt (low to medium confidence). {28.2.4, 28.4} The decline

of Arctic sea ice in summer is occurring at a rate that exceeds most of the earlier generation model projections (high confidence), and evidence

of similarly rapid rates of change is emerging in some regions of Antarctica. {WGI AR5 Chapters 4, 5, 9} In the future, trends in polar regions of

populations of marine mammals, fish, and birds will be a complex response to multiple stressors and indirect effects (high confidence). {28.3.2}

Already, accelerated rates of change in permafrost thaw, loss of coastal sea ice, sea level rise, and increased weather intensity are forcing

relocation of some Indigenous communities in Alaska (high confidence). {28.2.4.2, 28.2.5, 28.3.4}
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river flow (1936–1999; Peterson et al., 2002) could not, for a similar
period (1951–2000), be attributed with certainty to precipitation
changes (Milliman et al., 2008) but has been, including more recent
extreme increases (2007), attributed to enhanced poleward atmospheric
moisture transport (Zhang et al., 2013). By contrast, decreased flow in
high-latitude Canadian rivers (1964–2000; average –10%) does match
that for precipitation (Déry and Wood, 2005). Recent data (1977–2007)
for 19 circumpolar rivers also indicate an area-weighted average increase
of +9.8% (–17.1 to 47.0%; Overeem and Syvitski, 2010) accompanied
by shifts in flow timing, with May snowmelt increasing (avg. 66%) but
flow in the subsequent month of peak discharge decreasing (~7%).
Across the Russian Arctic, dates of spring maximum discharge have also
started to occur earlier, particularly in the most recent (1960–2001)
period analyzed (average –5 days; range for four regions +0.2 to –7.1
days), but no consistent trend exists for magnitude (average –1%; range
+21 to –24%; Shiklomanov et al., 2007). Earlier timing was most pro-
nounced in eastern, colder continental climates, where increases in air
temperature have been identified as the dominant control (Tan et al.,
2011). 

Increases have also occurred in winter low flows for many Eurasian and
North American rivers (primarily in the late 20th century; Smith et al.,
2007; Walvoord and Striegl, 2007; St. Jacques and Sauchyn, 2009; Ye et
al., 2009), the key exceptions being decreases in eastern North America
and unchanged flow in small basins of eastern Eurasia (Rennermalm
et al., 2010). Most such studies suggest permafrost thaw (WGI AR5
Chapter 4) has increased winter flow, whereas others suggest increases
in net winter precipitation minus evapotranspiration (Rawlins et al.,
2009a,b; Landerer et al., 2010). Insufficient precipitation stations preclude
deciphering the relative importance of these factors (WGI AR5 Section
2.5.1).

The surface-water temperatures of large water bodies has warmed
(1985–2009; Schneider and Hook, 2010), particularly for mid- and high
latitudes of the Northern Hemisphere, with spatial patterns generally
matching those for air temperature. Where water bodies warmed more
rapidly than air temperature, decreasing ice cover was suggested as
enhancing radiative warming. Paleolimnological evidence indicates that
the highest primary productivity was associated with warm, ice-free
summer conditions and the lowest with periods of perennial ice (Melles
et al., 2007). Increasing water temperatures affect planktonic and benthic
biomass and lead to changes in species composition (Christoffersen et
al., 2008; Heino et al., 2009, Jansson et al., 2010). Reduced ice cover
with higher air temperatures and evaporation are responsible for the
late-20th to early-21st century desiccation of some Arctic ponds (Smol
and Douglas, 2007).

Changes have occurred in the size and number of permafrost lakes over
the last half-century (Hinkel et al., 2007; Marsh et al., 2009), but their
patterns and rates of change are not consistent because of differing
thawing states, variations in warming, and effects of human activities
(Hinket et al., 2007; Prowse and Brown, 2010a). Thawing permafrost
affects the biogeochemistry of water entering lakes and rivers (Frey and
McClelland, 2009; Kokelj et al., 2009) and their ecological structure and
function (Lantz and Kokelj, 2008; Thompson et al., 2008; Mesquita et
al., 2010), such as enhancing eutrophication by a shift from pelagic to
benthic-dominated production (Thompson et al., 2012).

The aquatic ecosystem health and biodiversity of northern deltas is
dependent on combined changes in the elevation of spring river ice-
jam floods and sea level (Lesack and Marsh, 2007, 2010). Diminishing
ice shelves (last half-century) have also caused a decline in the number
of freshwater epishelf lakes that develop behind them (Veillette et al.,
2008; Vincent et al., 2009). Although such biophysical dependencies
have been established, temporal trends in such river-delta and epishelf
lake impacts and their linkages to changing climate remain to be
quantified precisely. 

An interplay of freshwater-marine conditions also affects the timing,
growth, run size, and distribution of several Arctic freshwater and
anadromous fish. Key examples include the timing of marine exit of Yukon
River Chinook salmon (Oncorhynchus tshawytscha; 1961–2009) varied
with air and sea temperatures and sea ice cover (Mundy and Evenson,
2011); the growth of young-of-year Arctic cisco (Coregonus autumnalis;
1978–2004) varied in response to lagged sea ice concentration and
Mackenzie River discharge, also indicating that decreased sea ice
concentration and increased river discharge enhanced marine primary
production, leading to more favorable foraging conditions (von Biela et
al., 2011); and factors that influence the water level and freshening of
rivers, as well as the strength, duration, and directions of prevailing
coastal winds, affect survival of anadromous fishes during coastal
migration and their subsequent run size (Fechhelm et al., 2007). 

28.2.1.2. Antarctic

Biota of Antarctic freshwater systems (lakes, ponds, short streams,
and seasonally wetted areas) are dominated by benthic microbial
communities of cyanobacteria and green algae in a simple food web.
Mosses occur in some continental lakes with higher plants absent.
Planktonic ecosystems are typically depauperate and include small algae,
bacteria, and colorless flagellates, with few metazoans and no fish
(Quesada and Velázquez, 2012). Recent compilations of single-year data
sets have reinforced previous conclusions on the changing freshwater
habitats in Antarctica (Verleyen et al., 2012). In regions where the climate
has warmed, the physical impacts on aquatic ecosystems include loss of
ice and perennial snow cover, increasing periods of seasonal open water,
increased water column temperatures, and changes in water column
stratification. In some areas, a negative water balance has occurred as
a result of increased temperature and changes in wind strength driving
enhanced evaporation and sublimation and leading to increased salinity
in lakes in recent decades (Hodgson et al., 2006a). In other areas,
especially glacial forelands, increased temperatures have led to greater
volumes of seasonal meltwater in streams and lakes together with
increased nutrient fluxes (high confidence). In both cases, the balance
between precipitation and evaporation can have detectable effects on
lake ecosystems (medium confidence) through changes in water body
volume and lake chemistry (Lyons et al., 2006; Quesada et al., 2006).
Non-dilute lakes with a low lake depth to surface area ratio are most
susceptible to interannual and inter-decadal variability in the water
balance, as measured by changes in specific conductance (high confidence;
Verleyen et al., 2012). Warming in the northwestern Antarctic Peninsula
region has resulted in permafrost degradation in the last approximately
50 years, impacting surface geomorphology and hydrology (Bockheim
et al., 2013) with the potential to increase soil biomass.
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Collapsing ice shelves are altering the dynamics of benthic assemblages
by exposing areas previously covered by ice shelves, allowing increased
primary production and establishment of new assemblages (e.g., collapse
of the Larson A/B ice shelves) (medium confidence; Peck et al., 2009;
Gutt et al., 2011). More icebergs are grounding, causing changes in
local oceanography and declining productivity that consequently affects
productivity of benthic assemblages (low confidence; Thrush and
Cummings, 2011). Iceberg scour on shallow banks is also increasing,
disrupting resident benthic assemblages (medium confidence; Barnes
and Souster, 2011; Gutt et al., 2011).

Primary production is changing regionally in response to changes in sea
ice, glacial melt, and oceanographic features (medium confidence;
Arrigo et al., 2008; Boyd et al., 2012). Off the west Antarctic Peninsula,
phytoplankton stocks and productivity have decreased north of 63°S,
but increased south of 63°S (high confidence; Montes-Hugo et al., 2009;
Chapter 6). This study (based on time series of satellite-derived and
measured chlorophyll concentrations) also indicated a change from
diatom-dominated assemblages to ones dominated by smaller
phytoplankton (Montes-Hugo et al., 2009). The reduced productivity in
the north may be tempered by increased inputs of iron through changes
to ocean processes in the region (low confidence; Dinniman et al., 2012). 

Since the 1980s, Antarctic krill densities have declined in the Scotia Sea
(Atkinson et al., 2004), in parallel with regional declines in the extent
and duration of winter sea ice (Flores et al., 2012). Uncertainty remains
over changes in the krill population because this decline was observed
using net samples and is not reflected in acoustic abundance time series
(Nicol and Brierley, 2010); the observed changes in krill density may
have been partly a result of changes in distribution (Murphy et al.,
2007). Nevertheless, given its dependence on sea ice (Nicol et al., 2008),
the krill population may already have changed and will be subject to
further alterations (high confidence).

The response of krill populations is probably a complex response to
multiple stressors. Decreases in recruitment of post-larval krill across
the Scotia Sea have been linked to declines in sea ice extent in the
Antarctic Peninsula region (medium confidence; Wiedenmann et al., 2009)
but these declines may have been offset by increased growth arising
from increased water temperature in that area (Wiedenmann et al.,
2008). However, near South Georgia krill productivity may have declined
as a result of the increased metabolic costs of increasing temperatures
(low confidence; Hill et al., 2013). The combined effects of changing sea
ice, temperature, and food have not been investigated. 

28.2.2.2.2. Marine mammals and seabirds

In general, many Southern Ocean seals and seabirds exhibit strong
relationships to a variety of climate indices, and many of these relationships
are negative to warmer conditions (low confidence; Trathan et al., 2007;
Barbraud et al., 2012; Forcada et al., 2012). Regional variations in climate
change impacts on habitats and food will result in a mix of direct and
indirect effects on these species. For example, Adélie penguin colonies
are declining in recent decades throughout the Antarctic Peninsula while
the reduction in chinstrap penguins is more regional (Lynch et al., 2012)
and related to reductions in krill availability (Lima and Estay, 2013). In

contrast, gentoo penguins are increasing in that region and expanding
south (high confidence; Lynch et al., 2012). This may be explained by the
reduced sea ice habitats and krill availability in the north, resulting in a
southward shift of krill predators, particularly those dependent on sea
ice (Forcada et al., 2012) and the replacement of these predators in the
north by species that do not depend on sea ice, such as gentoo penguins
and elephant seals (low confidence; Costa et al., 2010; Trivelpiece et al.,
2011; Ducklow et al., 2012; Murphy et al., 2013). A contrasting situation
is in the Ross Sea, where Adélie penguin populations have increased
(Smith, Jr. et al., 2012). The mechanisms driving these changes are
currently under review and may be more than simply sea ice (Lynch et
al., 2012; Melbourne-Thomas et al., 2013). For example, too much or
too little sea ice may have negative effects on the demography of Adélie
and emperor penguins (see Barbraud et al., 2012, for review). Also,
increased snow precipitation that accumulates in breeding colonies can
decrease survival of chicks of Adélie penguins when accompanied by
reduced food supply (Chapman et al., 2011).

Changes elsewhere are less well known. Some emperor penguin
colonies have decreased in recent decades (low confidence; Barbraud
et al., 2008; Jenouvrier et al., 2009), and one breeding site has been
recorded as having been vacated (Trathan et al., 2011). However, there
is insufficient evidence to make a global assessment of their current
trend. In the sub-Antarctic of the Indian sector, reductions in seal and
seabird populations may indicate a region-wide shift to a system with
lower productivity (low confidence; Weimerskirch et al., 2003; Jenouvrier
et al., 2005a,b) but commercial fishing activities may also play a role. 

Where frontal systems are shifting south, productive foraging areas also
move to higher latitudes. In the Indian sector, this is thought to be
causing declines in king penguin colonies on sub-Antarctic islands (low
confidence; Péron et al., 2010), while the shift in wind patterns may be
causing changes to the demography of albatross (low confidence;
Weimerskirch et al., 2012).

As identified in the WGII AR4, some species’ populations may suffer as a
result of fisheries while others are recovering from past over-exploitation,
either of which may confound interpretation of the response of these
species and their food webs to climate change. The recovery of Antarctic
fur seals on some sub-Antarctic islands has been well documented, and
their populations may now be competing with krill-eating macaroni
penguins (Trathan et al., 2012). More recently, there has been confirmation
that populations of some Antarctic whales are recovering, such as
humpbacks (Nicol et al., 2008; Zerbini et al., 2010), suggesting that food
is currently not limiting. In contrast, a number of albatross and petrel
populations are declining as a result of incidental mortality in longline
fisheries in southern and temperate waters where these birds forage
(Croxall et al., 2012).

28.2.3. Terrestrial Ecosystems

28.2.3.1. Arctic

Arctic terrestrial ecosystems have undergone dramatic changes
throughout the late Pleistocene and Holocene (last 130,000 years),
mainly driven by natural climate change. Significant altitudinal and
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and access to food sources and increasing the probability of accidents
(high confidence; Ford and Furgal, 2009; Ford et al., 2010). In recent years,
populations of marine and land mammals, fish, and water fowl are also
being reduced or displaced, thus reducing the traditional food supply
(Gearheard et al., 2006; West and Hovelsrud, 2010; Lynn et al., 2013).

Traditional food preservation methods such as drying of fish and meat,
fermentation, and ice cellar storage are being compromised by warming
temperatures, thus further reducing food available to the community
(Brubaker et al., 2011b,c). For example, food contamination caused by
thawing of permafrost “ice cellars” is occurring and increasingly wet
conditions make it harder to dry food for storage (Hovelsrud et al.,
2011). Indigenous people increasingly have to abandon their semi-
nomadic lifestyles, limiting their overall flexibility to access traditional
foods from more distant locations (www.arctichealthyukon.ca). These
reductions in the availability of traditional foods plus general globalization
pressures are forcing Indigenous communities to increasingly depend
on expensive, non-traditional, and often less healthy Western foods,
increasing the rates of modern diseases associated with processed food
and its packaging, such as cardiovascular diseases, diabetes, dental
caries, and obesity (Armitage et al., 2011; Berrang-Ford et al., 2011;
Brubaker et al., 2011b,c). 

Climate change is beginning to threaten community and public health
infrastructure, often in communities with no central water supply and
treatment sources. This is especially serious in low-lying coastal Arctic
communities (e.g., Shishmaref, Alaska, USA; Tuktoyaktuk, Northwest
Territories, Canada) through increased river and coastal flooding and
erosion, increased drought, and thawing of permafrost, resulting in loss
of reservoirs, damage to landfill sites, or sewage contamination (GAO,
2009; Bronen, 2011). Saltwater intrusion and bacterial contamination
may also be threatening community water supplies (Parkinson et al.,
2008; Virginia and Yalowitz, 2012). Quantities of water available for
drinking, basic hygiene, and cooking are becoming limited owing to
damaged infrastructure, drought, and changes in hydrology (Virginia
and Yalowitz, 2012). Disease incidence caused by contact with human
waste may increase when flooding and damaged infrastructure spreads
sewage in villages with no municipal water supply. This can result in
higher rates of hospitalization for pneumonia, influenza, skin infections,
and respiratory viral infections (Parkinson and Evengård, 2009; Virginia
and Yalowitz, 2012). Compounding these impacts in rural areas as well
as cities are respiratory and other illnesses caused by air-borne pollutants
(e.g., contaminants, microbes, dust, mold, pollen, smoke) (Revich, 2008;
Rylander and Schilling, 2011; Revich and Shaposhnikov, 2012).

It is now well documented that the many climate-related impacts on
Arctic communities are causing significant psychological and mental
distress and anxiety among residents (Levintova, 2010; Portier et al.,
2010; Coyle and Susteren, 2012; see also Chapter 11). For example,
changes in the physical environment (e.g., through thawing permafrost
and erosion) that may lead to forced or voluntary relocation of residents
out of their villages or loss of traditional subsistence species are causing
mental health impacts among Indigenous and other vulnerable, isolated
populations (Curtis et al., 2005; Albrecht et al., 2007; Coyle and Susteren,
2012; Maldonado et al, 2013). Special concern has been expressed by
many communities about the unusually high and increasing numbers
of suicides in the Arctic, especially among Indigenous youth, and efforts

are underway to try to develop a thorough assessment as well as
establish effective intervention efforts (Albrecht et al., 2007; Portier et
al., 2010; USARC, 2010). 

28.2.5. Indigenous Peoples and Traditional Knowledge

Indigenous populations in the Arctic—the original Native inhabitants
of the region—are considered especially vulnerable to climate change
because of their close relationship with the environment and its natural
resources for physical, social, and cultural well-being (Nuttall et al.,
2005; Parkinson, 2009; Cochran et al., 2013). Although there are wide
differences in the estimates, including variations in definitions of the
Arctic region, Arctic Indigenous peoples are estimated to number
between 400,000 and 1.3 million (Bogoyavlensky and Siggner, 2004;
Galloway-McLean, 2010). According to 2010 census data, there are
approximately 68,000 Indigenous people living in the Russian Arctic.
These Arctic residents depend heavily on the region’s terrestrial, marine,
and freshwater renewable resources, including fish, mammals, birds,
and plants; however, the ability of Indigenous peoples to maintain
traditional livelihoods such as hunting, harvesting, and herding is
increasingly being threatened by the unprecedented rate of climate
change (high confidence; Nakashima et al., 2012; Cochran et al., 2013). In
habitats across the Arctic, climate changes are affecting these livelihoods
through decreased sea ice thickness and extent, less predictable weather,
severe storms, sea level rise, changing seasonal melt/freeze-up of rivers
and lakes, changes in snow type and timing, increasing shrub growth,
permafrost thaw, and storm-related erosion, which, in turn, are causing
such severe loss of land in some regions that a number of Alaskan
coastal villages are having to relocate entire communities (Oskal, 2008;
Forbes and Stammler, 2009; Mahoney et al., 2009; Bartsch et al., 2010;
Weatherhead et al., 2010; ,Bronen, 2011; Brubaker et al., 2011b,c; Eira et
al., 2012; Huntington and Watson, 2012; McNeeley, 2012; Maldonado et
al., 2013). In addressing these climate impacts, Indigenous communities
must at the same time consider multiple other stressors such as resource
development (oil and gas, mining); pollution; changes in land use policies;
changing forms of governance; and the prevalence in many Indigenous
communities of poverty, marginalization, and resulting health disparities
(Abryutina, 2009; Forbes et al., 2009; Reinert et al., 2009; Magga et al.,
2011; Vuojala-Magga et al., 2011; Nakashima et al., 2012; Mathiesen
et al., 2013).

Traditional knowledge is the historical knowledge of Indigenous peoples
accumulated over many generations and it is increasingly emerging as
an important knowledge base for more comprehensively addressing the
impacts of environmental and other changes as well as development of
appropriate adaptation strategies for Indigenous communities (WGII AR4
Chapter 15; Oskal, 2008; Reinert et al., 2008; Wildcat, 2009; Magga et
al., 2011; Vuojala-Magga et al., 2011; Nakashima et al., 2012; Vogesser
et al, 2013). For example, Saami reindeer herders have specialized
knowledge of dynamic snow conditions, which mediate access to forage
on autumn, winter, and spring reindeer rangelands (Roturier and Roue,
2009; Eira et al., 2012; Vikhamar-Schuler et al., 2013) and traditional
governance systems for relating to natural environments (Sara, 2013).
Increasingly, traditional knowledge is being combined with Western
scientific knowledge to develop more sustainable adaptation strategies
for all communities in the changing climate. 
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at greater than 70° north latitude (Cheung et al., 2011). In contrast,
vulnerability analysis suggests that only a few species are expected to
be abundant enough to support viable fisheries in the Arctic Ocean
(Hollowed et al., 2013). Potential fisheries for snow crab (Chionoecetes
opilio) on shelf areas of the Arctic Ocean may be limited by the associated
impacts of ocean acidification. If fisheries develop in the Arctic Ocean,
adoption of sustainable strategies for management will be a high
priority (Molenaar, 2009). The moratorium on fishing in the US portion
of the Chukchi and Beaufort Seas would prevent fishing until sufficient
data become available to manage the stock sustainably (Wilson and
Ormseth, 2009).

Predicting how harvesters will respond to changing economic, institutional,
and environmental conditions under climate change is difficult. Current
techniques track fishers’ choices based on revenues and costs associated
with targeting a species in a given time and area with a particular gear
given projected changes in the abundance and spatial distribution of
target species (Haynie and Pfeiffer, 2012). However, estimates of future
revenues and costs will depend, in part, on future demand for fish, global
fish markets, and trends in aquaculture practices (Rice and Garcia, 2011;
Merino et al., 2012). 

28.3.4.2. Forestry and Farming

Climate change is likely to have positive impacts for agriculture,
including extended growing season (medium to high confidence;
Falloon and Betts, 2009; Grønlund, 2009; Tholstrup and Rasmussen,
2009), although variations across regions are expected (Hovelsrud et
al., 2011), and the importance of impacts to the Arctic economy will
likely remain minor (Eskeland and Flottorp, 2006). Potential positive
effects of climatic warming for forestry include decreased risk of snow
damage. Kilpeläinen et al. (2010) estimate a 50% decrease in snow
damage in Finland toward the end of the century. A warmer climate is
likely to impact access conditions and plant diseases for forestry and
farming. Grønlund (2009) found in the case of northern Norway—
where about half of the arable land area is covered by forest and 40%
by marshland—that the potential harnessing of arable land for farming
will be at the cost of forestry production, or dried-up marshlands, which
may contribute to more greenhouse emissions. Larger field areas may
contribute to land erosion through rainfall and predicted unstable
winters, and may increase conditions for plant diseases and fungal
infections (Grønlund, 2009). If the winter season continues to shorten
due to climate change (Xu et al., 2013), accessibility to logging sites
will be negatively affected. Accessibility is higher when frozen ground
makes transportation possible in sensitive locations or areas that lack
road. If weather changes occur when logging has taken place, sanding
of roads may be necessary which carries significant economic costs.
Impact on carrying capacity of ground or road accessibility will thus
affect forestry economically. Challenges may include limited storage
space for wood (Keskitalo, 2008).

28.3.4.3. Infrastructure, Transportation, and Terrestrial Resources

Rising temperatures and changing precipitation patterns have the
potential to affect all infrastructure types and related services, as much

of the infrastructure in the North is dependent on the cryosphere to, for
example, provide stable surfaces for buildings and pipelines, contain
waste, stabilize shorelines, and provide access to remote communities
in the winter (high confidence; Huntington et al., 2007; Furgal and
Prowse, 2008; Sundby and Nakken, 2008; Sherman et al., 2009; West
and Hovelsrud, 2010; Forbes, 2011). In the long-term, marine and
freshwater transportation will need to shift reliance from ice routes to
open-water or land-based transportation systems. Relocation remains
one community-based adaptation to deal with projections of persistent
flooding and bank erosion (Furgal, 2008; NRTEE, 2009). Changing sea
ice (multi-year) conditions are expected to have a regulating impact on
marine shipping and coastal infrastructure (i.e., via introduced hazards;
Eicken et al., 2009). 

By adapting transportation models to integrate monthly climate
model (Community Climate System Model 3 (CCSM3)) predictions of
air temperature—combined with data sets on land cover, topography,
hydrography, built infrastructure, and locations of human settlements—
estimates have been made of changes to inland accessibility for
landscapes northward of 40ºN by the mid-21st century (Stephenson et
al., 2011). Milder air temperatures and/or increased snowfall reduce
the possibilities for constructing inland winter-road networks, including
ice roads, with the major seasonal reductions in road potential (based
on a 2000-kg vehicle) being in the winter shoulder-season months of
November and April. The average decline (compared to a baseline of
2000–2014) for eight circumpolar countries was projected to be
–14%, varying from –11 to –82%. In absolute terms, Canada and Russia
(both at –13%) account for the majority of declining winter-road
potential with approximately 1 × 106 km2 being lost (see Table 28-1).
The winter road season has decreased since the 1970s on the Alaskan
North Slope, from as much as 200 to 100 days in some areas (Hinzman,
et al., 2005). 

Climate change is expected to lead to a nearly ice-free Arctic Ocean in
late summer and increased navigability of Arctic marine waters within
this century. New possibilities for shipping routes and extended use
of existing routes may result from increased melting of sea ice (high
confidence; Corbett et al., 2010; Khon et al., 2010; Paxian et al., 2010;
Peters et al., 2011; Stephenson et al., 2011). 

 
Change (%) in winter road-
accessible land area (km2) 
(2000-kg GVWR vehicle)

Change (%) in maritime-
accessible ocean area (km2) 
(type A vessel) — current EEZ

Canada – 13 19

Finland – 41 0

Greenland – 11 28

Iceland – 82 < 1

Norway – 51 2

Russia – 13 16

Sweden – 46 0

USA (Alaska) – 29 5

High seas n /a 406

Total – 14 23

Table 28-1 |  Annually averaged changes in inland and maritime transportation 
accessibility by mid-century (2045 – 2059) versus baseline (2000 – 2014).
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Executive Summary

Current and future climate-related drivers of risk for small islands during the 21st century include sea level rise (SLR), tropical

and extratropical cyclones, increasing air and sea surface temperatures, and changing rainfall patterns (high confidence; robust

evidence, high agreement). {WGI AR5 Chapter 14; Table 29-1} Current impacts associated with these changes confirm findings reported

on small islands from the Fourth Assessment Report (AR4) and previous IPCC assessments. The future risks associated with these drivers

include loss of adaptive capacity {29.6.2.1, 29.6.2.3} and ecosystem services critical to lives and livelihoods in small islands. {29.3.1-3}

SLR poses one of the most widely recognized climate change threats to low-lying coastal areas on islands and atolls (high

confidence; robust evidence, high agreement). {29.3.1} It is virtually certain that global mean SLR rates are accelerating. {WGI AR5

13.2.2.1} Projected increases to the year 2100 (RCP4.5: 0.35 m to 0.70 m) {WGI AR5 13.5.1; Table 29-1} superimposed on extreme sea level

events (e.g., swell waves, storm surges, El Niño-Southern Oscillation) present severe sea flood and erosion risks for low-lying coastal areas and

atoll islands (high confidence). Likewise, there is high confidence that wave over-wash of seawater will degrade fresh groundwater resources

{29.3.2} and that sea surface temperature rise will result in increased coral bleaching and reef degradation. {29.3.1.2} Given the dependence of

island communities on coral reef ecosystems for a range of services including coastal protection, subsistence fisheries, and tourism, there is

high confidence that coral reef ecosystem degradation will negatively impact island communities and livelihoods. 

Given the inherent physical characteristics of small islands, the AR5 reconfirms the high level of vulnerability of small islands to

multiple stressors, both climate and non-climate (high confidence; robust evidence, high agreement). However, the distinction

between observed and projected impacts of climate change is often not clear in the literature on small islands (high agreement). {29.3} There is

evidence that this challenge can be partly overcome through improvements in baseline monitoring of island systems and downscaling of climate-

model projections, which would heighten confidence in assessing recent and projected impacts. {WGI AR5 9.6; 29.3-4, 29.9}

Small islands do not have uniform climate change risk profiles (high confidence). Rather, their high diversity in both physical and

human attributes and their response to climate-related drivers means that climate change impacts, vulnerability, and adaptation will be variable

from one island region to another and between countries in the same region. {Figure 29-1; Table 29-3} In the past, this diversity in potential

response has not always been adequately integrated in adaptation planning. 

There is increasing recognition of the risks to small islands from climate-related processes originating well beyond the borders

of an individual nation or island. Such transboundary processes already have a negative impact on small islands (high confidence; robust

evidence, medium agreement). These include air-borne dust from the Sahara and Asia, distant-source ocean swells from mid to high latitudes,

invasive plant and animal species, and the spread of aquatic pathogens. For island communities the risks associated with existing and future

invasive species and human health challenges are projected to increase in a changing climate. {29.5.4}

Adaptation to climate change generates larger benefit to small islands when delivered in conjunction with other development

activities, such as disaster risk reduction and community-based approaches to development (medium confidence). {29.6.4}

Addressing the critical social, economic, and environmental issues of the day, raising awareness, and communicating future risks to local

communities {29.6.3} will likely increase human and environmental resilience to the longer term impacts of climate change. {29.6.1, 29.6.2.3;

Figure 29-5}

Adaptation and mitigation on small islands are not always trade-offs, but can be regarded as complementary components in the

response to climate change (medium confidence). Examples of adaptation-mitigation interlinkages in small islands include energy supply

and use, tourism infrastructure and activities, and functions and services associated with coastal wetlands. The alignment of these sectors for

potential emission reductions, together with adaptation, offer co-benefits and opportunities in some small islands. {29.7.2, 29.8} Lessons

learned from adaptation and mitigation experiences in one island may offer some guidance to other small island states, though there is low

confidence in the success of wholesale transfer of adaptation and mitigation options when the local lenses through which they are viewed

differ from one island state to the next, given the diverse cultural, socioeconomic, ecological, and political values. {29.6.2, 29.8}
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The ability of small islands to undertake adaptation and mitigation programs, and their effectiveness, can be substantially

strengthened through appropriate assistance from the international community (medium confidence). However, caution is needed

to ensure such assistance is not driving the climate change agenda in small islands, as there is a risk that critical challenges confronting island

governments and communities may not be addressed. Opportunities for effective adaptation can be found by, for example, empowering

communities and optimizing the benefits of local practices that have proven to be efficacious through time, and working synergistically to

progress development agendas. {29.6.2.3, 29.6.3, 29.8} 
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Whereas the origin of the long period ocean swells that impact small
islands in the tropical regions come from the mid- and high latitudes in
the Pacific, Indian, and Atlantic Oceans, there are also instances of
unusually large waves generated from tropical cyclones that spread into
the mid- and high latitudes. One example occurred during 1999 when
tide gauges at Ascension and St. Helena Islands in the central south
Atlantic recorded unusually large deep-ocean swell generated from
distant Hurricane Irene (Vassie et al., 2004). The impacts of increasing
incidence or severity of storms or cyclones is generally considered
from the perspective of direct landfall of such systems, whereas all of
these instances serve to show “the potential importance of swells to
communities on distant, low-lying coasts, particularly if the climatology
of swells is modified under future climate change” (Vassie et al., 2004,
p. 1095). From the perspective of those islands that suffer damage from
this coastal hazard on an annual basis, this is an area that warrants
further investigation. Projected changes in global wind-wave climate to
2070–2100, compared to a base period 1979–2009, show considerable

regional and seasonal differences with both decreases and increases in
annual mean significant wave height. Of particular relevance in the
present context is the projected increase in wave activity in the Southern
Ocean, which influences a large portion of the global ocean as swell
waves propagate northward into the Pacific, Indian, and Atlantic Oceans
(Hemer et al., 2013).

Deep ocean swell waves and elevated sea levels resulting from ETCs are
examples of inter-regional transboundary processes; locally generated
tropical cyclones (TCs) provide examples of intra-regional transboundary
processes. Whereas hurricane force winds, heavy rainfall, and turbulent
seas associated with TCs can cause massive damage to both land and
coastal systems in tropical small islands, the impacts of sea waves and
inundation associated with far distant ETCs are limited to the coastal
margins. Nevertheless both storm types result in a range of impacts
covering island morphology, natural and ecological systems, island
economies, settlements, and human well-being (see Figure 29-4).

1. Coastal and/or island erosion

3. Flooding and marine inundation

11. Losses in commercial agriculture

14. Losses in tourism sector 19. Damage to cultural assets

Impacts on island morphology Impacts on island livelihoods Impacts on 
settlements and infrastructure

5. Coastal landslides, cliff and 
hillslope changes

9. Saline intrusion into freshwater 
lenses

4. Delta, river, estuary, floodplain 
changes

13. Damage to and losses in 
aquaculture

10. Damage to or destruction of 
subsistence crops

15. Destruction of buildings and 
houses

16. Damage to transport facilities 
(roads, ports, airports)

17. Damage to public facilities (water 
supply, energy generation)

18. Damage to health and safety 
infrastructure

7. Damage to mangroves and 
coastal wetlands2. Coastal and/or island accretion

6. Coral reef damage

8. Soil salination from inundation 12. Decrease in fish production

Impacts on ecosystems and 
natural resources

Figure 29-4 | Tropical and extratropical cyclone (ETC) impacts on the coasts of small islands. Four types of impacts are distinguished here, with black arrows showing the 
connections between them, based on the existing literature. An example of the chain of impacts associated with two ETCs centered to the east of Japan is illustrated by the red 
arrows. Swell waves generated by these events in December 2008 reached islands in the southwest Pacific and caused extensive flooding (3) that impacted soil quality (8) and 
freshwater resources (9), and damaged crops (10), buildings (15), and transport facilities (16) in the region (example based on Hoeke et al., 2013).

Examples of tropical cyclone impacts on small island coasts (with reference):
1. Society Islands, French Polynesia, February 2010 (Etienne, 2012); 2. Taveuni, Fiji, March 2010 (Etienne and Terry, 2012); 3. Cook Islands (de Scally, 2008); Society and Autral 
Islands, French Polynesia, February 2010 (Etienne, 2012); 4. Viti Levu, Fiji, March 1997 (Terry et al., 2002); 5. Society Islands, French Polynesia, February 2010 (Etienne, 2012); 
6. Curacao, Bonaire, Netherlands Antilles, November 1999 (Scheffers and Scheffers, 2006); Hawaiian Islands (Fletcher et al., 2008); 7. Bay Islands, Honduras, October 1998 
(Cahoon et al., 2003); 8. Marshall Islands, June 1905 (Spennemann, 1996); 9. Pukapuka atoll, Cook Islands, February 2005 (Terry and Falkland, 2010); 10. Vanuatu, February 
2004 (Richmond and Sovacool, 2012); 11. 12. 13. Tuamotu Islands, French Polynesia, 1982–1983 (Dupon, 1987); 14. Grenada, September 2004 (OECS, 2004); 15. Grenada, 
September 2004 (OECS, 2004); Tubuai, Austral Islands, French Polynesia, February 2010 (Etienne, 2012); 16. Vanuatu, February 2004 (Richmond and Sovacool, 2012); 
Guadeloupe Island, October 2008 (Dorville and Zahibo, 2010); 17. Bora Bora, Raiatea, Maupiti, Tahaa, Huahine, Society Islands, February 2010 (Etienne, 2012); 18. Vanuatu, 
February 2004 (Richmond and Sovacool, 2012); 19. Tuamotu, French Polynesia, 1982–1983 (Dupon, 1987). 

Examples of ETC impacts on small island coasts (with reference):
1. Maldives, April 1987 (Harangozo, 1992); 2. Maldives, January 1955 (Maniku, 1990); 3. Maldives, April 1987 (Harangozo, 1992); 9. Solomon Islands, December 2008 (Hoeke 
et al., 2013); 10. Chuck, Pohnpei, Kosrae, Federated States of Micronesia, December 2008 (Hoeke et al., 2013); 15. Majuro, Marshall Islands, November 1979 (Hoeke et al., 
2013); 16. Coral Coast, Viti Levu, Fiji, May 2011 (Hoeke et al., 2013); 17. Majuro, Kwajalein, Arno, Marshall Islands, December 2008 (Hoeke et al., 2013); 18. Bismark 
Archipelago, Papua New Guinea, December 2008 (Hoeke et al., 2013).
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to facilitate adaptation planning and implementation (Warrick, 2009;
Kelman et al., 2011) and to tackle rural poverty in resource-dependent
communities (Techera, 2008). CBA research is focusing on empowerment
that helps people to help themselves, for example, through marine
catch monitoring (Breckwoldt and Seidel, 2012), while addressing local
priorities and building on local knowledge and capacity. This approach
to adaptation is being promoted as an appropriate strategy for small
islands, as it is something done “with” rather than “to” communities
(Warrick, 2009). Nonetheless externally driven programs to encourage
community-level action have produced some evidence of effective
adaptation. Both Limalevu et al. (2010) and Dumaru (2010) describe the
outcomes of externally led pilot CBA projects (addressing water security
and coastal management) implemented in villages across Fiji, notably
more effective management of local water resources through capacity
building; enhanced knowledge of climate change; and the establishment
of mechanisms to facilitate greater access to technical and financial
resources from outside the community. More long-term monitoring and
evaluation of the effectiveness of community level action is needed. 

Collaboration between stakeholders can lessen the occurrence of simple
mistakes that can reduce the effectiveness of adaptation actions (medium
evidence, medium agreement). Evidence from the eastern Caribbean
suggests that adaptations taken by individual households to reduce
landslide risk—building simple retaining walls—can be ineffective
compared to community-level responses (Anderson et al., 2011).
Landslide risk can be significantly reduced through better hillside
drainage. In the eastern Caribbean, community groups, with input from
engineers, have constructed these networks of drains to capture surface
runoff, household roof water, and gray water. Case studies from Fiji and
Samoa in which multi-stakeholder and multi-sector participatory
approaches were used to help enhance resilience of local residents to
the adverse impacts of disasters and climate change (Gero et al., 2011)
further support this view. In the case of community-based disaster risk
reduction (CBDRR), Pelling (2011) notes that buy-in from local and
municipal governments is needed, as well as strong preexisting
relationships founded on routine daily activities, to make CBDRR effective.
Research from both Solomon Islands and the Cayman Islands reinforce
the conclusion that drivers of community resilience to hazard maps
closely onto factors driving successful governance of the commons, that
is, community cohesion, effective leadership, and community buy-in to
collective action (Tompkins et al., 2008; Schwarz et al., 2011). Where
community organizations are operating in isolation, or where there is
limited coordination and collaboration, community vulnerability is
expected to increase (Ferdinand et al., 2012). Strong local networks,
and trusting relationships between communities and government,
appear to be key elements in adaptation, in terms of maintaining
sustainable agriculture and in disaster risk management (medium
evidence, high agreement).

All of these studies reinforce the earlier work of Barnett (2001), providing
empirical evidence that supporting community-led approaches to
disaster risk reduction and hazard management may contribute to
greater community engagement with anticipatory adaptation. However,
it is not yet possible to identify the extent to which climate resilience is
either a coincidental benefit of island lifestyle and culture, or a purposeful
approach, such as the community benefits gained from reciprocity
among kinship groups (Campbell, 2009).

29.6.2.4. Addressing Long-Term Climate Impacts
and Migration on Small Islands

SLR poses one of the most widely recognized climate change threats to
low-lying coastal areas on islands (Section 29.3.1). However, long-term
climate impacts depend on the type of island (see Figure 29-1) and the
adaptation strategy adopted. Small island states have 16% of their land
area in low elevation coastal areas (<10 m) as opposed to a global
average of 2%, and the largest proportion of low-elevation coastal
urban land area: 13% (along with Australia and New Zealand), in
contrast to the global average of 8% (McGranahan et al., 2007).
Statistics like these underpin the widely held view about small islands
being “overwhelmed” by rising seas associated with SLR (Loughry and
McAdam, 2008; Laczko and Aghazarm, 2009; Yamamoto and Esteban,
2010; Berringer, 2012; Dema, 2012; Gordon-Clark, 2012; Lazrus, 2012).
Yet there remains limited evidence as to which regions (Caribbean,
Pacific and Indian Oceans, West African islands) will experience the
largest SLR (Willis and Church, 2012) and which islands will experience
the worst climate impacts. Nicholls et al. (2011) have modeled impacts
of 4°C warming, producing a 0.5 to 2.0 m SLR, to assess the impacts
on land loss and migration. With no adaptation occurring, they estimate
that this could produce displacement of between 1.2 and 2.2 million
people from the Caribbean and Indian and Pacific Oceans. More
research is needed to produce robust agreement on the impact of SLR
on small islands, and on the range of adaptation strategies that could
be appropriate for different island types under those scenarios. Research
into the possible un-inhabitability of islands has to be undertaken
sensitively to avoid short-term risks (i.e., to avoid depopulation and
ultimately island abandonment) associated with a loss of confidence in
an island’s future (McNamara and Gibson, 2009; McLeman, 2011). 

Owing to the high costs of adapting on islands, it has been suggested
that there will be a need for migration (Biermann and Boas, 2010;
Gemenne, 2011; Nicholls et al., 2011; Voccia 2012). Relocation and
displacement are frequently cited as outcomes of SLR, salinization, and
land loss on islands (Byravan and Rajan, 2006; Kolmannskog and Trebbi,
2010; see also Section 29.3.3.3). Climate stress is occurring at the same
time as the growth in rural to urban migration. The latter is leading to
squatter settlements that strain urban infrastructure—notably sewerage,
waste management, transport, and electricity (Connell and Lea, 2002;
Jones, 2005). Urban squatters on islands often live in highly exposed
locations, lacking basic amenities, leaving them highly vulnerable to
climate risks (Baker, 2012). However, a lack of research in this area
makes it difficult to draw clear conclusions on the impact of climate
change on the growing number of urban migrants in islands.

Recent examples of environmental stress-driven relocation and
displacement provide contemporary analogs of climate-induced migration.
Evidence of post-natural disaster migration has been documented in
the Caribbean in relation to hurricanes (McLeman and Hunter, 2010)
and in the Carteret Islands, Papua New Guinea, where during an
exceptionally high inundation event in 2008 (see Section 29.5.1.1)
islanders sought refuge on neighboring Bougainville Island (Jarvis, 2010).
Drawing any strong conclusions from this literature is challenging, as
there is little understanding of how to measure the effect of the
environmental signal in migration patterns (Krishnamurthy, 2012; Afifi
et al., 2013). Although the example of the Carteret Islands cannot be







29

Chapter 29                                                                                                                                                                                                  Small Islands

1642

of the water resources—a critical adaptation consideration for areas
expected to experience a decrease in average rainfall as a result of
climate change. While the cost effectiveness of renewable technologies
is critical, placing it within the context of water adaptation could enhance
project viability (Dornan, 2009). Cost-benefit analyses have shown that
in southeast Mediterranean islands photovoltaic generation and storage
systems may be more cost-effective than existing thermal power stations
(Kaldellis, 2008; Kaldellis et al., 2009). 

Energy prices in small islands are among the highest anywhere in the
world, mainly because of their dependence on imported fossil fuel, and
limited ability to reap the benefits of economies of scale including bulk
buying. Recent studies show that the energy sectors in small islands
may be transformed into sustainable growth entities mainly through
the judicious exploitation of renewable energy sources, combined with
the implementation of energy-efficiency measures (van Alphen et al.,
2008; Banuri, 2009; Mohanty, 2012; Rogers et al., 2012). Realizing the
potential for such transformation, the countries comprising the Alliance
of Small Island States (AOSIS) launched SIDS Dock, which is intended
to function as a “docking station” to connect the energy sector in small
island developing states with the international finance, technology, and
carbon markets with the objective of pooling and optimizing energy-
efficiency goods and services for the benefit of the group. This initiative
seeks to decrease energy dependence in small island developing states,
while generating financial resources to support low carbon growth and
adaptation interventions. 

Many small islands rely heavily on the foreign exchange from tourism
to expand and develop their economies, including the costs of mitigation
and adaptation. Tourism, particularly in small islands, often relies on
coastal and terrestrial ecosystems to provide visitor attractions and
accommodation space. Recognizing the relationship between ecosystem
services and tourism in Jamaica, Thomas-Hope and Jardine-Comrie (2007)
suggest that sustainable tourism planning should include activities
undertaken by the industry, that is, tertiary treatment of waste and reuse
of water, as well as composting organic material and investing in
renewable energy. Gössling and Schumacher (2010) and others who
have examined the linkages between GHG emissions and sustainable
tourism argue that the tourism sector (operators and tourists) should
pay to promote sustainable tourism, especially where they benefit directly
from environmental services sustained by these investments. 

29.8. Facilitating Adaptation
and Avoiding Maladaptation

Although there is a clear consensus that adaptation to the risks posed
by global climate change is necessary and urgent in small islands, the
implementation of specific strategies and options is a complex process
that requires critical evaluation of multiple factors, if expected outcomes
are to be achieved (Kelman and West, 2009; Barnett and O’Neill, 2012).
These considerations may include, inter alia, prior experience with similar
or related threats, efficacy of the strategies or options and their co-
benefits, costs (monetary and non-monetary), availability of alternatives,
and social acceptability. In addition, previous work (e.g., Adger et al.,
2005) has emphasized the relevance of scale as a critical factor when
assessing the efficacy and value of adaptation strategies, as the extent
to which an option is perceived to be a success, failure, or maladaptive
may be conditioned by whether it is being assessed as a response to
climate variability (shorter term) or climate change (longer term).

As in other regions, adaptation in islands is locally delivered and context
specific (Tompkins et al., 2010). Yet, sectors and communities on small
islands are often so intricately linked that there are many potential
pathways that may lead to maladaptation, be it via increased GHG
emissions, foreclosure of future options, or burdensome opportunity
costs on local communities. There is also a concern that some types of
interventions may actually be maladaptive. For example, Barnett and
O’Neill (2012) suggest that strategies such as resettlement and migration
should be regarded as options of “last resort” on islands, as they may
actually discourage viable adaptation initiatives, by fostering over-
dependence on external support. They further argue that a priori
acceptance of adaptation as an efficacious option for places like the
Pacific Islands may also act as a disincentive for reducing GHG emissions
(Barnett and O’Neill, 2012).

Notwithstanding the observations of Barnett and O’Neill (2012), there
is a concern that early foreclosure of this option might well prove
maladaptive, if location-specific circumstances show such action to be
efficacious in the longer term. For example, Bunce et al. (2009) have
shown that, as an adaptive response to poverty, young fishers from
Rodrigues Island periodically resort to temporary migration to the main
capital island, Mauritius, where greater employment prospects exist. The
case study of the residents of Nauru, who contemplated resettlement

Frequently Asked Questions

FAQ 29.3 |  Is it appropriate to transfer adaptation and mitigation strategies
                  between and within small island countries and regions?

Although lessons learned from adaptation and mitigation experiences in one island or island region may offer
some guidance, caution must be exercised to ensure that the transfer of such experiences is appropriate to local
biophysical, social, economic, political, and cultural circumstances. If this approach is not purposefully incorporated
into the implementation process, it is possible that maladaptation and inappropriate mitigation may result. It is
therefore necessary to carefully assess the risk profile of each individual island so as to ensure that any investments
in adaptation and mitigation are context specific. The varying risk profiles between individual small islands and
small island regions have not always been adequately acknowledged in the past.
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yet may also represent opportunities for reducing risks through management strategies aimed at reducing their influence, especially in CBS,

SES, and HLSBS. {5.3.4, 18.3.3-4, 30.1.2, 30.5-6}

Recent changes to wind and ocean mixing within the highly productive HLSBS, EBUE, and EUS are likely to influence energy

transfer to higher trophic levels and microbial processes. There is, however, limited evidence and low agreement on the direction and

magnitude of these changes and their relationship to ocean warming and acidification (low confidence). In cases where Net Primary Productivity

(NPP) increases or is not consumed (e.g., Benguela EBUE, low confidence), the increased transfer of organic carbon to deep regions can stimulate

microbial respiration and reduce O2 levels (medium confidence). Oxygen concentrations are also declining in the tropical Pacific, Atlantic, and

Indian Oceans (particularly EUS) due to reduced O2 solubility at higher temperatures, and changes in ocean ventilation and circulation. {6.3.3,

30.3, 30.5.1-2, 30.5.5; Box CC-PP; WGI AR5 3.8.3}

Global warming will result in more frequent extreme events and greater associated risks to ocean ecosystems (high confidence).

In some cases (e.g., mass coral bleaching and mortality), projected increases will eliminate ecosystems, and increase risks and vulnerabilities to

coastal livelihoods and food security (e.g., CBS in Southeast Asia; SES, CBS, and STG in the Indo-Pacific) (medium to high confidence). Reducing

stressors not related to climate change represents an opportunity to strengthen the ecological resilience within these regions, which may help

them survive some projected changes in ocean temperature and chemistry. {5.4, 30.5.3-4, 30.5.6, 30.6.1; Figure 30-4; Box CC-CR; IPCC, 2012}

The highly productive HLSBS in the Northeastern Atlantic has changed in response to warming (medium evidence, high agreement),

with a range of consequences for fisheries. These ecosystems are responding to recent warming, with the greatest changes being observed

since the late 1970s in the phenology, distribution, and abundance of plankton assemblages, and the reorganization of fish assemblages (high

confidence). There is medium confidence that these changes will have both positive and negative implications depending on the particular

HLSBS fishery and the time frame. {6.4.1.1, 6.5.3, 30.5.1, 30.6.2.1; Boxes CC-MB, 6-1}

EUS, which support highly productive fisheries off equatorial Africa and South America, have warmed over the past 60 years

(Pacific EUS: 0.43°C, Atlantic EUS: 0.54°C; very likely, p-value ≤ 0.05). Although warming is consistent with changes in upwelling intensity,

there is low confidence in our understanding of how EUS will change, especially in how El Niño-Southern Oscillation (ENSO) and other patterns

of variability will interact in a warmer world. The risk, however, of changes to upwelling increases with average global temperature, posing

significant uncertainties for dependent ecosystems, communities, and fisheries. {30.5.2; WGI AR5 14.4}

The surface waters of the SES show significant warming from 1982 and most CBS show significant warming since 1950. Warming

of the Mediterranean has led to the recent spread of tropical species invading from the Atlantic and Indian Oceans. Projected warming increases

the risk of greater thermal stratification in some regions, which can lead to reduced O2 ventilation and the formation of additional hypoxic

zones, especially in the Baltic and Black Seas (medium confidence). In some CBS, such as the East China Sea and Gulf of Mexico, these changes

are further influenced by the contribution of nutrients from coastal pollution contributing to the expansion of hypoxic (low O2) zones. These

changes are likely to influence regional ecosystems as well as dependent industries such as fisheries and tourism, although there is low confidence

in the understanding of potential changes and impacts. {5.3.4.3, 30.5.3-4; Table 30-1}

Coral reefs within CBS, SES, and STG are rapidly declining as a result of local stressors (i.e., coastal pollution, overexploitation)

and climate change (high confidence). Elevated sea temperatures drive impacts such as mass coral bleaching and mortality (very high

confidence), with an analysis of the Coupled Model Intercomparison Project Phase 5 (CMIP5) ensemble projecting the loss of coral reefs from

most sites globally by 2050 under mid to high rates of ocean warming (very likely). {29.3.1.2, 30.5.3-4, 30.5.6; Figure 30-10; Box CC-CR}

The productive EBUE and EUS involve upwelling waters that are naturally high in CO2 concentrations and low in pH, and hence

are potentially vulnerable to ocean warming and acidification (medium confidence). There is limited evidence and low agreement as

to how upwelling systems are likely to change (low confidence). Declining O2 and shoaling of the aragonite saturation horizon through ocean

acidification increase the risk of upwelling water being low in pH and O2, with impacts on coastal ecosystems and fisheries, as has been seen

already (e.g., California Current EBUE). These risks and uncertainties are likely to involve significant challenges for fisheries and associated
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International frameworks for collaboration and decision making are critically important for coordinating policy that will enable

mitigation and adaptation by the Ocean sectors to global climate change (e.g., United Nations Convention on the Law of the Sea

(UNCLOS)). These international frameworks offer an opportunity to solve problems collectively, including improving fisheries management

across national borders (e.g., reducing illegal, unreported, and unregulated (IUU) fishing), responding to extreme events, and strengthening

international food security. Given the importance of the Ocean to all countries, there is a need for the international community to progress

rapidly to a “whole of ocean” strategy for responding to the risks and challenges posed by anthropogenic ocean warming and acidification.

{30.7.2}
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The two EUS warmed from 1950 to 2009 (Pacific EUS: 0.07°C per
decade, Atlantic EUS: 0.09°C per decade; Table 30-1). The average
monthly SST of the SES did not warm significantly, although the
temperature of the coolest month increased significantly within the
Baltic Sea (0.35°C per decade or 2.11°C from 1950 to 2009), as did the
temperatures of the warmest months in the Black (0.14°C per decade

or 0.83°C from 1950 to 2009), Mediterranean (0.11°C per decade or
0.66°C from 1950 to 2009), and Red (0.05°C per decade or 0.28°C
from 1950 to 2009) Seas over the period 1950–2009 (very likely; Table
30-1). Studies over shorter periods (e.g., 1982–2006; Belkin, 2009)
report significant increases in average SST of the Baltic (1.35°C), Black
(0.96°C), Red (0.74°C), and Mediterranean (0.71°C) Seas. Such studies
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Figure 30-2 | (a) Depth-averaged 0 to 700 m temperature trend for 1971–2010 (longitude vs. latitude, colors and gray contours in degrees Celsius per decade). (b) Zonally 
averaged temperature trends (latitude vs. depth, colors and gray contours in degrees Celsius per decade) for 1971–2010, with zonally averaged mean temperature over plotted 
(black contours in degrees Celsius). (c) Globally averaged temperature anomaly (time vs. depth, colors and gray contours in degrees Celsius) relative to the 1971–2010 mean. (d) 
Globally averaged temperature difference between the Ocean surface and 200 m depth (black: annual values; red: 5-year running mean). [(a–d) from WGI AR5 Figure 3.1] (e)–(g) 
Observed and simulated variations in past and projected future annual average sea surface temperature over three ocean basins (excluding regions within 300 km of the coast). The 
black line shows estimates from Hadley Centre Interpolated sea surface temperature 1.1 (HadISST1.1) observational measurements. Shading denotes the 5th to 95th percentile 
range of climate model simulations driven with “historical” changes in anthropogenic and natural drivers (62 simulations), historical changes in “natural” drivers only (25), and the 
Representative Concentration Pathways (RCPs; blue: RCP4.5; orange: RCP8.5). Data are anomalies from the 1986–2006 average of the HadISST1.1 data (for the HadISST1.1 time 
series) or of the corresponding historical all-forcing simulations. Further details are given in Panels (a)-(d) originally presented in WGI AR5 Fig 3.1 and Box 21-2.
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Continued next page

Sub-region Area

Regression slope Total change over 60 years p-value, slope different from 
zero

°C per 
decade                       
(coolest                  
month)

°C per 
decade                       

(all 
months)                  

°C per 
decade                       

(warmest                  
month)

Change 
over 60 
years 

(coolest 
month)

Change 
over 60 

years (all 
months)

Change 
over 60 
years 

(warmest 
month)

°C per 
decade                        
(coolest                  
month)

°C per 
decade                        

(all 
months)

°C per 
decade                       

(warmest 
month) 

1. High-Latitude 
Spring Bloom 
Systems (HLSBS)

Indian Ocean 0.056 0.087 0.145 0.336 0.522 0.870 0.000 0.003 0.000

North Atlantic Ocean 0.054 0.073 0.116 0.324 0.438 0.696 0.001 0.15 0.000

South Atlantic Ocean 0.087 0.063 0.097 0.522 0.378 0.582 0.000 0.098 0.000

North Pacifi c Ocean (west) 0.052 0.071 0.013 0.312 0.426 0.078 0.52 0.403 0.462

North Pacifi c Ocean (east) 0.016 0.04 0.016 0.096 0.24 0.096 0.643 0.53 0.444

North Pacifi c Ocean 0.033 0.055 0.015 0.198 0.33 0.09 0.284 0.456 0.319

South Pacifi c Ocean (west) 0.043 0.017 0.044 0.258 0.102 0.264 0.016 0.652 0.147

South Pacifi c Ocean (east) 0.047 0.031 0.052 0.282 0.186 0.312 0.000 0.396 0.003

South Pacifi c Ocean 0.046 0.027 0.050 0.276 0.162 0.300 0.000 0.467 0.000

2. Equatorial 
Upwelling Systems 
(EUS)

Atlantic Equatorial Upwelling 0.101 0.090 0.079 0.606 0.540 0.474 0.000 0.000 0.000

Pacifi c Equatorial Upwelling 0.079 0.071 0.065 0.474 0.426 0.39 0.096 0.001 0.071

3. Semi-Enclosed 
Seas (SES)

Arabian Gulf 0.027 0.099 0.042 0.162 0.594 0.252 0.577 0.305 0.282

Baltic Sea 0.352 0.165 0.06 2.112 0.99 0.36 0.000 0.155 0.299

Black Sea – 0.004 0.053 0.139 – 0.024 0.318 0.834 0.943 0.683 0.009

Mediterranean Sea 0.035 0.084 0.110 0.21 0.504 0.660 0.083 0.32 0.006

Red Sea 0.033 0.07 0.047 0.198 0.42 0.282 0.203 0.138 0.042

4. Coastal 
Boundary Systems 
(CBS)

Atlantic Ocean (west) 0.137 0.123 0.127 0.822 0.738 0.762 0.000 0.000 0.000

Caribbean Sea/ Gulf of Mexico 0.023 0.024 0.019 0.138 0.144 0.114 0.193 0.498 0.281

Indian Ocean (west) 0.097 0.100 0.096 0.582 0.600 0.576 0.000 0.000 0.000

Indian Ocean (east) 0.099 0.092 0.080 0.594 0.552 0.480 0.000 0.000 0.000

Indian Ocean (east),  Southeast 
Asia , Pacifi c Ocean (west)

0.144 0.134 0.107 0.864 0.804 0.642 0.000 0.000 0.000

5. Eastern 
Boundary 
Upwelling 
Ecosystems (EBUE)

Benguela Current 0.062 0.032 0.002 0.372 0.192 0.012 0.012 0.437 0.958

California Current 0.117 0.122 0.076 0.702 0.732 0.456 0.026 0.011 0.125

Canary Current 0.054 0.089 0.106 0.324 0.534 0.636 0.166 0.014 0.000

Humboldt Current 0.051 0.059 0.104 0.306 0.354 0.624 0.285 0.205 0.013

6. Subtropical 
Gyres (STG)

Indian Ocean 0.141 0.112 0.103 0.846 0.672 0.618 0.000 0.000 0.000

North Atlantic Ocean 0.042 0.046 0.029 0.252 0.276 0.174 0.048 0.276 0.038

South Atlantic Ocean 0.079 0.083 0.098 0.474 0.498 0.588 0.000 0.017 0.000

North Pacifi c Ocean (west) 0.065 0.071 0.059 0.390 0.426 0.354 0.000 0.018 0.000

North Pacifi c Ocean (east) 0.008 0.042 0.051 0.048 0.252 0.306 0.617 0.133 0.014

North Pacifi c Ocean 0.034 0.055 0.051 0.204 0.33 0.306 0.001 0.053 0.000

South Pacifi c Ocean (west) 0.060 0.076 0.092 0.360 0.456 0.552 0.002 0.000 0.000

South Pacifi c Ocean (east) 0.055 0.056 0.088 0.330 0.336 0.528 0.000 0.058 0.000

South Pacifi c Ocean 0.056 0.060 0.089 0.336 0.360 0.534 0.000 0.027 0.000

Table 30-1 |  Regional changes in sea surface temperature (SST) over the period 1950 – 2009 using the ocean regionalization specifi ed in Figure 30-1(a) (for further details on 
regions defi ned for analysis, see Figure SM30-1 and Table SM30-2, column 1). A linear regression was fi tted to the average of all 1×1 degree monthly SST data extracted from 
the Hadley Centre HadISST1.1 data set (Rayner et al., 2003) for each sub-region over the period 1950 – 2009. All SST values less than – 1.8°C, together with all SST pixels that 
were fl agged as being sea ice, were reset to the freezing point of seawater (– 1.8°C) to refl ect the sea temperature under the ice. Separate analyses were also done to explore 
trends in the temperatures extracted from the coldest-ranked and the warmest-ranked month of each year (Table SM30-2). The table includes the slope of the regression (°C per 
decade), the p-value for the slope being different from zero and the total change over 60 years (i.e., the slope of linear regression multiplied by six decades) for each category. 
The p-values that exceed 0.05 plus the associated slope and change values have an orange background, denoting the lower statistical confi dence in the slope being different 
from zero (no slope). Note that changes with higher p-values may still describe informative trends although the level of confi dence that the slope is different from zero is lower.
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between 1971 and 2010, and 3.2 (2.8 to 3.6) mm yr–1 between 1993
and 2010 (WGI AR5 SPM, Section 3.7). These observations are consistent
with thermal expansion of the Ocean due to warming plus the addition
of water from loss of mass by melting glaciers and ice sheets. Current
rates of SLR vary geographically, and can be higher or lower than the
GMSL for several decades at time due to fluctuations in natural variability
and ocean circulation (Figure 30-5). For example, rates of SLR are up to
three times higher than the GMSL in the Western Pacific and Southeast
Asian region, and decreasing in many parts of the Eastern Pacific for
the period 1993–2012 as measured by satellite altimetry (Figure 30-5;
WGI AR5 Section 13.6.5).

SLR under increasing atmospheric GHG concentrations will continue for
hundreds of years, with the extent and rate of the increase in GMSL
being dependent on the emission scenario. Central to this analysis is
the millennial-scale commitment to further SLR that is likely to arise
from the loss of mass of the Greenland and Antarctic ice sheets (WGI
AR5 Section 13.5.4, Figure 13.13). SLR is very likely to increase during

the 21st century relative to the period 1971–2010 due to increased
ocean warming and the continued contribution of water from loss of
mass from glaciers and ice sheets. There is medium confidence that
median SLR by 2081–2100 relative to 1986–2005 will be (5 to 95%
range of process-based models): 0.44 m for RCP2.6, 0.53 m for RCP4.5,
0.55 m for RCP6.0, and 0.74 m for RCP8.5. Higher values of SLR are
possible but are not backed by sufficient evidence to enable reliable
estimates of the probability of specific outcomes. Many semi-empirical
model projections of GMSL rise are higher than process-based model
projections (up to about twice as large), but there is no consensus in
the scientific community about their reliability and there is thus low
confidence in their projections (WGI AR5 Sections 13.5.2, 13.5.3, Table
13.6, Figure 13.12).

It is considered very likely that increases in sea level will result in greater
levels of coastal flooding and more frequent extremes by 2050 (WGI
AR5 Section 13.7.2; IPCC, 2012). It is about as likely as not that the
frequency of the most intense storms will increase in some ocean basins,

(a)  Total thermal stress for the period 1981–2010 (b) Coral reef provinces and locations

(c) Proportion of years with thermal stress (1951–1980) (d) Proportion of years with thermal stress (1981–2010)

Western Pacific

Eastern Pacific

Caribbean & Gulf of Mexico

Western Indian Ocean

Eastern Indian Ocean

Coral Triangle & SE Asia0 >51 2 3 4

Average annual total of the monthly anomalies (°C)

0

Proportion of years with thermal stress (%)

10025 50 75

The location of shallow-water coral reef cells

Figure 30-4 | Recent changes in thermal stress calculated using Hadley Centre Interpolated sea surface temperature data (HadISST1.1). A monthly climatology was created by 
averaging the HadISST monthly SST values over a reference period of 1985–2000 to create 12 averages, one for each month of the year. The Maximum Monthly Mean climatology 
was created by selecting the hottest month for each pixel. Anomalies were then created by subtracting this value from each sea surface temperature value, but allowing values to be 
recorded only if they were greater than zero (Donner et al., 2007). Two measures of the change in thermal stress were calculated as a result: The total thermal stress for the period 
1981–2010, calculated by summing all monthly thermal anomalies for each grid cell (a); and the proportion of years with thermal stress, which is defined as any year that has a 
thermal anomaly, for the periods 1951–1980 (c) and 1981–2010 (d). The location of coral reef grid cells used in Table 30-1 and for comparison to regional heat stress is depicted in 
(b). Each dot is positioned over a 1 × 1 degree grid cell within which lies at least one carbonate coral reef. The latitude and longitude of each reef is derived from data provided by 
the World Resources Institute’s Reefs at Risk report (http://www.wri.org). The six regions are as follows: red—Western Pacific Ocean; yellow—Eastern Pacific Ocean; dark 
blue—Caribbean and Gulf of Mexico; green—Western Indian Ocean; purple—Eastern Indian Ocean; and light blue—Coral Triangle and Southeast Asia.
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ventilation, and ocean stratification (Figure 30-9c,d; WGI AR5 Table
6.14; Andrews et al., 2013), with implications for nutrient and carbon
cycling, ocean productivity, marine habitats, and ecosystem structure
(Section 6.3.5). The outcomes of these global changes are very likely to
be influenced by regional differences in variables such as wind stress,
coastal processes, and the supply of organic matter.

30.4. Global Patterns in the Response
of Marine Organisms to Climate Change
and Ocean Acidification

Given the close relationship between organisms and ecosystems with
the physical and chemical elements of the environment, changes are
expected in the distribution and abundance of marine organisms in
response to ocean warming and acidification (Section 6.3; Boxes CC-MB,
CC-OA). Our understanding of the relationship between ocean warming
and acidification reveals that relatively small changes in temperature
and other variables can result in often large biological responses that
range from simple linear trends to more complex non-linear outcomes.
There has been an increase in studies that focus on the influence and
consequences of climate change for marine ecosystems since AR4
(Hoegh-Guldberg and Bruno, 2010; Poloczanska et al., 2013), representing
an opportunity to examine, and potentially attribute, detected changes
within the Ocean to climate change.

Evidence of global and regional responses of marine organisms to
recent climate change has been shown through assessments of multiple
studies focused on single species, populations, and ecosystems (Tasker,
2008; Thackeray et al., 2010; Przeslawski et al., 2012; Poloczanska et
al., 2013). The most comprehensive assessment, in terms of geographic
spread and number of observed responses, is that of Poloczanska et al.
(2013). This study reveals a coherent pattern in observed responses of
ocean life to recent climate change across regions and taxonomic
groups, with 81% of responses by organisms and ecosystems being
consistent with expected changes to recent climate change (high
confidence; Box CC-MB). On average, spring events in the Ocean have
advanced by 4.4 ± 0.7 days per decade (mean ± SE) and the leading
edges of species’ distributions have extended (generally poleward) by

72.0 ± 0.35 km per decade. Values were calculated from data series
ranging from the 1920s to 2010, although all series included data after
1990. The fastest range shifts generally occurred in regions of high
thermal velocity (the speed and direction at which isotherms move
(Burrows et al., 2011; Section 30.3.1.1)). Subsequently, Pinsky et al. (2013),
using a database of 360 fish and invertebrate species and species
groups from coastal waters around North America, showed differences
in the speed and directions that species shift can be explained by
differences in local climate velocities (Box CC-MB).

30.5. Regional Impacts, Risks, and
Vulnerabilities: Present and Future

This section explores the impacts, risks, and vulnerabilities of climate
change for the seven sub-regions within the Ocean. There is considerable
variability from region to region, especially in the extent and interaction
of climate change and non-climate change stressors. Although the latter
may complicate attribution attempts in many sub-regions, interactions
between the two groups of stressors may also represent opportunities
to reduce the overall effects on marine organisms and processes of the
environmental changes being driven by climate change (including ocean
acidification) (Crain et al., 2008; Griffith et al., 2012).

30.5.1. High-Latitude Spring Bloom Systems

High-Latitude Spring Bloom Systems (HLSBSs) stretch from 35°N to the
edge of the winter sea ice (and from 35°S to the polar front) and provide
36% of world’s fish catch (Figure 30-1b). Although much of the North
Pacific is iron limited (Martin and Fitzwater, 1988) and lacks a classical
spring bloom (McAllister et al., 1960), strong seasonal variability of
primary productivity is pronounced at all high latitudes because of
seasonally varying photoperiod and water column stability (Racault et
al., 2012). Efficient transfer of marine primary and secondary production
to higher trophic levels, including commercial fish species, is influenced
by the magnitude as well as the spatial and temporal synchrony
between successive trophic production peaks (Hjort, 1914; Cushing,
1990; Beaugrand et al., 2003; Beaugrand and Reid, 2003). 

Frequently Asked Questions

FAQ 30.2 |  Does slower warming in the Ocean mean less impact on plants and animals?

The greater thermal inertia of the Ocean means that temperature anomalies and extremes are lower than those
seen on land. This does not necessarily mean that impacts of ocean warming are less for the ocean than for land.
A large body of evidence reveals that small amounts of warming in the Ocean can have large effects on ocean
ecosystems. For example, relatively small increases in sea temperature (as little as 1°C to 2°C) can cause mass coral
bleaching and mortality across hundreds of square kilometers of coral reef (high confidence). Other analyses have
revealed that increased temperatures are spreading rapidly across the world’s oceans (measured as the movement
of bands of equal water temperature or isotherms). This rate of warming presents challenges to organisms and
ecosystems as they try to migrate to cooler regions as the Ocean continues to warm. Rapid environmental change
also poses steep challenges to evolutionary processes, especially where relatively long-lived organisms such as corals
and fish are concerned (high confidence).
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Christian and Murtugudde, 2003; Mestas-Nuñez and Miller, 2006;
Pennington et al., 2006; Wang et al., 2006b). Upwelling of the Pacific EUS
declines during El Niño events, when the trade winds weaken, or even
reverse, and is strengthened during La Niña events. ENSO periodicity
controls primary productivity and consequently has a strong influence
over associated fisheries production (Mestas-Nuñez and Miller, 2006).
The Intertropical Convergence Zone (ITCZ; WGI AR5 Section 14.3.1.1),
an important determinant of regional ocean temperature, is located at
the edges of the Indian and Pacific equatorial upwelling zone and
influences a range of variables including productivity, fisheries, and
precipitation. The EUS are also affected by inter-decadal variability (e.g.,
Inter-decadal Pacific Oscillation (IPO); Power et al., 1999; WGI AR5
Section 14.3).

30.5.2.1. Observed Changes and Potential Impacts

The average sea temperature associated with the EUS has increased
significantly (p-value ≤ 0.05), by 0.43°C and 0.54°C from 1950 to 2009
in the Pacific and Atlantic EUS, respectively (Table 30-1). In the Pacific,
regional variability in SST trends is driven by the temporal patterns in
ENSO and the more frequent El Niño Modoki or Central Pacific El Niño
events in recent decades (high confidence; Ashok et al., 2007; Yu and
Kao, 2007; Lee and McPhaden, 2010; WGI AR5 Section 14.2.4.4). The
faster warming of the Atlantic EUS is likely to be associated with a
weakening of upwelling (Tokinaga and Xie, 2011). SLR in the eastern
equatorial Pacific has been decreasing by up to −10 mm yr–1 since 1993
(Church et al., 2006; Figure 30-5).

Coral reefs in the EUS of the eastern Pacific (e.g., Galápagos and Cocos
Islands) have relatively low species diversity and poorly developed
carbonate reef frameworks, due to the low pH and aragonite saturation
of upwelling waters (high confidence; Glynn, 2001; Manzello et al.,
2008; Manzello, 2010). Prolonged periods of elevated temperature
associated with El Niño have negatively affected corals, kelps, and
associated organisms, and resulted in several possible local extinctions
(high confidence; Glynn, 2011). Since 1985, coral reefs from west of
South America to the Gilbert Islands of Kiribati have experienced the

highest levels of thermal stress relative to other areas (Donner et al.,
2010). In 1982/1983, mass coral bleaching and mortality affected most
of the reef systems within the eastern equatorial Pacific (Glynn, 1984;
Baker et al., 2008). Subsequent canonical El Niño and Central Pacific
El Niño events in 1997/1998, 2002/2003, 2004/2005, and 2009/2010
(WGI AR5 Section 14.4.2; WGI AR5 Figure 14.13) triggered mass coral
bleaching by adding to the background increases in sea temperatures
(high confidence; Donner et al., 2010; Obura and Mangubhai, 2011;
Vargas-Ángel et al., 2011). In some locations, impacts of El Niño have also
interacted with other anthropogenic changes, such as those arising from
changes to fishing pressure (Edgar et al., 2010), further complicating
the attribution of recent ecological changes to climate change. 

30.5.2.2. Key Risks and Vulnerabilities

Climate models indicate that ENSO is virtually certain to continue to be
a major driver of oceanic variability over the coming century, although
not all models can accurately replicate its behavior (WGI AR5 Section
9.5.3). Superposition of a warming ocean on future ENSO activity
(possibly modified in frequency and intensity) is likely to result in oceanic
conditions that are different from those experienced during past El Niño
and La Niña events (Power and Smith, 2007). Temperatures within EUS
sub-regions are projected to continue to warm significantly (p-value ≤
0.05). Under RCP8.5, SST of the Atlantic EUS is projected to increase by
0.81°C over 2010–2039 and 2.56°C over 2010–2099, with similar
increases projected for the Pacific EUS (Table SM30-4). Differences
between RCPs for the two EUS become clear beyond mid-century, with
warming of SST over 2010–2099 being 0.43°C and 0.46°C under
RCP2.6, and 3.01°C and 3.03°C under RCP8.5, for Pacific and Atlantic
EUS respectively (Table SM30-4). These projected increases in sea
temperature will increase heat stress and ultimately irreversibly degrade
marine ecosystems such as coral reefs (very likely). Further increases in
atmospheric CO2 will cause additional decrease in pH and aragonite
saturation of surface waters (adding to the low pH and aragonite
saturation of upwelling conditions), with significant differences between
emission trajectories by the middle of the century. These changes in
ocean carbonate chemistry are very likely to negatively affect some

Frequently Asked Questions

FAQ 30.3 | How will marine primary productivity change with ocean warming and acidification?

Drifting microscopic plants known as phytoplankton are the dominant marine primary producers at the base of
the marine food chain. Their photosynthetic activity is critically important to life in general. It provides oxygen,
supports marine food webs, and influences global biogeochemical cycles. Changes in marine primary productivity
in response to climate change remain the single biggest uncertainty in predicting the magnitude and direction of
future changes in fisheries and marine ecosystems (low confidence). Changes have been reported to a range of
different ocean systems (e.g., High-Latitude Spring Bloom Systems, Subtropical Gyre Systems, Equatorial Upwelling
Systems, and Eastern Boundary Upwelling Ecosystems), some of which are consistent with changes in ocean
temperature, mixing, and circulation. However, direct attribution of these changes to climate change is made difficult
by long-term patterns of variability that influence productivity of different parts of the Ocean (e.g., Pacific Decadal
Oscillation). Given the importance of this question for ocean ecosystems and fisheries, longer time series studies
for understanding how these systems are changing as a result of climate change are a priority (high agreement).
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and a range of benthic invertebrates (Doney et al., 2009; Feely et al.,
2009).

Increasing sea temperatures and sea level are also likely to influence
other coastal ecosystems (e.g., mangroves, seagrass meadows) in the
Pacific, although significant gaps and uncertainties exist (Section 29.3.1.2;
Waycott et al., 2007, 2011). Many of the negative consequences for
coral reefs, mangroves, and seagrass meadows are likely to have
negative consequences for dependent coastal fisheries (through habitat
destruction) and tourism industries (medium confidence; Bell et al.,
2011a, 2013a; Pratchett et al., 2011a,b). 

Populations of key large pelagic fish are projected to move many
hundreds of kilometers east of where they are today in the Pacific
STG (high confidence; Lehodey et al., 2008, 2010a, 2011, 2013), with
implications for income, industry, and food security across multiple
Pacific Island nations (high confidence; Cheung et al., 2010; McIlgorm
et al., 2010; Bell et al., 2011b, 2013a; Section 7.4.2; Tables 29-2, 29-4).
These predictions of species range displacements, contractions, and
expansions in response to anticipated changes in the Ocean (Box CC-MB)
present both a challenge and an opportunity for the development of
large-scale management strategies to preserve these valuable species.
Our understanding of the consequences of reduced O2 for pelagic fish
populations is not clear, although there is high agreement on the potential
physiological outcomes (Section 6.3.3). Those species that are intolerant
to hypoxia, such as skipjack and yellowfin tuna (Lehodey et al., 2011),
will have their depth range compressed in the Pacific STG, which will
increase their vulnerability to fisheries and reduce overall fisheries
habitat and productivity (medium confidence; Stramma et al., 2010, 2011).
Despite the importance of these potential changes, our understanding
of the full range of consequences is limited at this point. 

30.5.7. Deep Sea (>1000 m)

Assessments of the influence of climate change on the Deep Sea (DS)
are challenging because of difficulty of access and scarcity of long-term,
comprehensive observations (Smith, Jr. et al., 2009). The size of this habitat
is also vast, covering well over 54% of the Earth’s surface and stretching
from the top of the mid-oceanic ridges to the bottom of deep ocean
trenches (Smith, Jr. et al., 2009). The fossil record in marine sediments
reveals that the DS has undergone large changes in response to climate
change in the past (Knoll and Fischer, 2011). The paleo-skeletal record
shows that it is the rate, not just the magnitude, of climate change
(temperature, O2, and CO2) that is critical to marine life in DS. The current
rate of change in key parameters very likely exceeds that of other major
events in Earth history. Two primary time scales are of interest. The first
is the slow rate (century-scale) of ocean circulation and mixing, and
consequently the slow rate at which DS ecosystems experience physical
climate change. The second is the rapid rate at which organic matter
enters the deep ocean from primary productivity generated at the surface
of the Ocean, which represents a critical food supply to DS animals
(Smith, Jr. and Kaufmann, 1999; Smith, Jr. et al., 2009). It can also represent
a potential risk in some circumstances where the flux of organic carbon
into the deep ocean, coupled with increased sea temperatures, can lead
to anoxic areas (dead zones) as metabolism is increased and O2 decreased
(Chan et al., 2008; Stramma et al., 2010). 

30.5.7.1. Observed Changes and Potential Impacts

The greatest rate of change of temperature is occurring in the upper 700
m of the Ocean (very high confidence; WGI AR5 Section 3.2), although
smaller yet significant changes are occurring at depth. The DS environment
is typically cold (~–0.5°C to 3°C; Smith et al., 2008), although abyssal
temperatures in the SES can be higher (e.g., Mediterranean DS ~12°C;
Danovaro et al., 2010). In the latter case, DS organisms can thrive in these
environments as well, illustrating the variety of temperature conditions
that differing species of abyssal life have adapted to. Individual species,
however, are typically constrained within a narrow thermal and O2-
demand window of tolerance (Pörtner, 2010) and therefore it is likely
that shifts in the distribution of DS species and regional extinctions will
occur. Warming over multiple decades has been observed below 700 m
(Levitus et al., 2005, 2009), with warming being minimal at mid-range
depths (2000 to 3000 m), and increasing toward the sea floor in some
sub-regions (e.g., Southern Ocean; WGI AR5 Chapter 3). For the deep
Atlantic Ocean, the mean age of deep waters (mean time since last
exposure to the atmosphere) is approximately 250 years; the oldest deep
waters of the Pacific Ocean are >1000 years old. The patterns of ocean
circulation are clearly revealed by the penetration of tracers and the
signal of CO2 released from burning fossil fuel penetrating into the abyss
(Sabine et al., 2004). It will take many centuries for full equilibration of
deep ocean waters and their ecosystems with recent planetary warming
and CO2 levels (Wunsch and Heimbach, 2008).

Temperature accounts for approximately 86% of the variance in the
export of organic matter to the DS (medium confidence; Laws et al.,
2000). Consequently, upper ocean warming will reduce the export of
organic matter to the DS (medium confidence), potentially changing the
distribution and abundance of DS organisms and associated food webs,
and ecosystem processes (Smith, Jr. and Kaufmann, 1999). Most organic
matter entering the DS is recycled by microbial systems at relatively
shallow depths (Buesseler et al., 2007), and at rates that are temperature
dependent. Upper ocean warming will increase the rate of sub-surface
decomposition of organic matter (high confidence), thus intensifying
the intermediate depth OMZs (Stramma et al., 2008, 2010) and reducing
food supply to the abyssal ocean. 

Particulate organic carbon is exported from the surface to deeper layers
of the Ocean (>500 m) with an efficiency of between 20 and 50%
(Buesseler et al., 2007), much of it being recycled by microbes before it
reaches 1000 m (Smith, Jr. et al., 2009). The export of organic carbon is
dependent on surface net primary productivity, which is likely to vary
(Box CC-PP), influencing the supply of food to DS (Laws et al., 2000;
Smith et al., 2008). Warming of intermediate waters will also increase
respiration at mid-water depths, reducing the flux of organic carbon. Our
understanding of other components of DS ecosystems is also relatively
poor. For example, there is limited evidence and limited agreement as
to how ocean warming and acidification are likely to affect ecosystems
such as those associated with hydrothermal vents (Van Dover, 2012).

Oxygen concentrations are decreasing in the DS (Stramma et al., 2008;
Helm et al., 2011a). Although the largest signals occur at intermediate
water depths < 1000 m (Nakanowatari et al., 2007; Whitney et al.,
2007; Falkowski et al., 2011), some waters >1000 m depth are also
experiencing a decline (Jenkins, 2008). The quantity of dissolved O2
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Convention. UNCLOS replaced earlier frameworks that were built around
the “freedom of the seas” concept and that limited territorial rights to
3 nm off a coastline. UNCLOS provides a comprehensive framework for
the legitimate use of the Ocean and its resources, including maritime
zones, navigational rights, protection and preservation of the marine
environment, fishing activities, marine scientific research, and mineral
resource extraction from the seabed beyond national jurisdiction. The
relationship between climate change and UNCLOS is not clear and
depends on interpretation of key elements within the UNFCCC (United
Nations Framework Convention for Climate Change) and Kyoto Protocol
(Boyle, 2012). However, UNCLOS provides mechanisms to help structural
adaptation in response to challenges posed by climate change. In a similar
way, there is a wide range of other policy and legal frameworks that
structure and enable responses to the outcomes of rapid anthropogenic
climate change in the Ocean.

There are many existing international conventions and agreements that
explicitly recognize climate change (Table 30-4). The UN Straddling Fish
Stocks Agreement (UNSFSA) aims at enhancing international cooperation
of fisheries resources, with an explicit understanding under Article 6 that
management needs to take account “existing and predicted oceanic,
environmental and socio-economic conditions” and to undertake
“relevant research, including surveys of abundance, biomass surveys,
hydro-acoustic surveys, research on environmental factors affecting
stock abundance, and oceanographic and ecological studies” (UNSFSA,
Annex 1, Article 3). International conventions such as these will become
increasingly important as changes to the distribution and abundance
of fisheries are modified by climate change and ocean acidification.

Global frameworks for decision making are increasingly important in
the case of the Ocean, most of which falls outside national boundaries
(Oude Elferink, 2012; Warner, 2012). Approximately 64% of the Ocean
(40% of the Earth’s surface) is outside EEZs and continental shelves of
the world’s nations (high seas and seabed beyond national jurisdiction).
With rapidly increasing levels of exploitation, there are increasing calls
for more effective decision frameworks aimed at regulating fishing and
other activities (e.g., bio-prospecting) within these ocean “commons.”
These international frameworks will become increasingly valuable as
nations respond to impacts on fisheries resources that stretch across
national boundaries. One such example is the multilateral cooperation
that was driven by President Yudhoyono of Indonesia in August 2007
and led to the Coral Triangle Initiative on Coral Reefs, Fisheries, and
Food Security (CTI), which involves region-wide (involving 6.8 million
km2 including 132,800 km of coastline) cooperation between the
governments of Indonesia, Philippines, Malaysia, Papua New Guinea,
the Solomon Islands, and Timor Leste on reversing the decline in coastal
ecosystems such as coral reefs (Clifton, 2009; Hoegh-Guldberg et al.,
2009; Veron et al., 2009). Partnerships, such as CTI, have the potential
to provide key frameworks to address issues such as interaction between
the over-exploitation of coastal fishing resources and the recovery of
reefs from mass coral bleaching and mortality, and the implications of
the movement of valuable fishery stocks beyond waters under national
jurisdiction.

An initiative called the Global Partnership for Oceans set out to establish
a global framework with which to share experience, resources, and
expertise, as well as to engage governments, industry, civil, and public

sector interests in both understanding and finding solutions to key
issues such as overfishing, pollution, and habitat destruction (Hoegh-
Guldberg et al., 2013). Similarly, the Areas Beyond National Jurisdiction
(ABNJ, Global Environment Facility) Initiative has been established to
promote the efficient, collaborative, and sustainable management of
fisheries resources and biodiversity conservation across the Ocean.

Global partnerships are also essential for providing support to the many
nations that often do not have the scientific or financial resources to
solve the challenges that lie ahead (Busby, 2009; Mertz et al., 2009). In
this regard, international networks and partnerships are particularly
significant in terms of assisting nations in developing local adaptation
solutions to their ocean resources. By sharing common experiences and
strategies through global networks, nations have the chance to tap into
a vast array of options with respect to responding to the negative
consequences of climate change and ocean acidification on the world’s
ocean and coastal resources.

30.7.3. Emerging Issues, Data Gaps, and Research Needs

Although there has been an increase in the number of studies being
undertaken to understand the physical, chemical, and biological changes
within the Ocean in response to climate change and ocean acidification,
the number of marine studies of ecological impacts and risks still lag
behind terrestrial studies (Hoegh-Guldberg and Bruno, 2010; Poloczanska
et al., 2013). Rectifying this gap should be a major international objective
given the importance of the Ocean in terms of understanding and
responding to future changes and consequences of ocean warming and
acidification. 

30.7.3.1. Changing Variability and Marine Impacts

Understanding the long-term variability of the Ocean is critically important
in terms of the detection and attribution of changes to climate change
(Sections 30.3, 30.5.8), but also in terms of the interaction between
variability and anthropogenic climate change. Developing instrument
systems that expand the spatial and temporal coverage of the Ocean
and key processes will be critical to documenting and understanding
its behavior under further increases in average global temperature
and changes in the atmospheric concentration of CO2. International
collaborations such as the Argo network of oceanographic floats
illustrate how international cooperation can rapidly improve our
understanding of the physical behavior of the Ocean and will provide
important insight into its long-term subsurface variability (Schofield et
al., 2013).

30.7.3.2. Surface Wind, Storms, and Upwelling

Improving our understanding of the potential behavior of surface wind
in a warming world is centrally important to our understanding of how
upwelling will change in key regions (e.g., EUS, EBUE; Box CC-UP).
Understanding these changes will provide important information for
future fisheries management but will also illuminate the potential risks
of intensified upwelling leading to hypoxia at depth and the potential
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social system. Systems such as agricultural systems, political systems,
technological systems, and economic systems are all human systems in
the sense applied in this report.

Hydrological cycle 
The cycle in which water evaporates from the oceans and the land
surface, is carried over the Earth in atmospheric circulation as water
vapor, condenses to form clouds, precipitates over ocean and land as
rain or snow, which on land can be intercepted by trees and vegetation,
provides runoff on the land surface, infiltrates into soils, recharges
groundwater, discharges into streams, and ultimately, flows out into
the oceans, from which it will eventually evaporate again. The various
systems involved in the hydrological cycle are usually referred to as
hydrological systems.

Hypoxic events
Events that lead to deficiencies of oxygen in water bodies. See also Dead
zones and Eutrophication.

Ice cap
A dome-shaped ice mass that is considerably smaller in extent than an
ice sheet.

Ice sheet 
A mass of land ice of continental size that is sufficiently thick to cover
most of the underlying bed, so that its shape is mainly determined by
its dynamics (the flow of the ice as it deforms internally and/or slides
at its base). An ice sheet flows outward from a high central ice plateau
with a small average surface slope. The margins usually slope more
steeply, and most ice is discharged through fast flowing ice streams or
outlet glaciers, in some cases into the sea or into ice shelves floating
on the sea. There are only two ice sheets in the modern world, one on
Greenland and one on Antarctica. During glacial periods there were
others.

Ice shelf
A floating slab of ice of considerable thickness extending from the coast
(usually of great horizontal extent with a very gently sloping surface),
often filling embayments in the coastline of an ice sheet. Nearly all ice
shelves are in Antarctica, where most of the ice discharged into the
ocean flows via ice shelves.

(climate change) Impact assessment 
The practice of identifying and evaluating, in monetary and/or non-
monetary terms, the effects of climate change on natural and human
systems.

Impacts (Consequences, Outcomes)10

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.

Income
The maximum amount that a household, or other unit, can consume
without reducing its real net worth. Total income is the broadest measure
of income and refers to regular receipts such as wages and salaries,
income from self-employment, interest and dividends from invested
funds, pensions or other benefits from social insurance, and other current
transfers receivable.11

Indian Ocean Dipole (IOD) 
Large-scale mode of interannual variability of sea surface temperature
in the Indian Ocean. This pattern manifests through a zonal gradient of
tropical sea surface temperature, which in one extreme phase in boreal
autumn shows cooling off Sumatra and warming off Somalia in the
west, combined with anomalous easterlies along the equator.

Indigenous peoples
Indigenous peoples and nations are those that, having a historical
continuity with pre-invasion and pre-colonial societies that developed
on their territories, consider themselves distinct from other sectors of
the societies now prevailing on those territories, or parts of them. They
form at present principally non-dominant sectors of society and are
often determined to preserve, develop, and transmit to future generations
their ancestral territories, and their ethnic identity, as the basis of their
continued existence as peoples, in accordance with their own cultural
patterns, social institutions, and common law system.12

Industrial Revolution 
A period of rapid industrial growth with far-reaching social and
economic consequences, beginning in Britain during the second half of
the 18th century and spreading to Europe and later to other countries
including the United States. The invention of the steam engine was an
important trigger of this development. The industrial revolution marks
the beginning of a strong increase in the use of fossil fuels and emission
of, in particular, fossil carbon dioxide. In this report the terms preindustrial
and industrial refer, somewhat arbitrarily, to the periods before and after
1750, respectively.

Industrialized/developed/developing countries
There are a diversity of approaches for categorizing countries on the
basis of their level of development, and for defining terms such as
industrialized, developed, or developing. Several categorizations are
used in this report. In the United Nations system, there is no established
convention for the designation of developed and developing countries
or areas. The United Nations Statistics Division specifies developed and
developing regions based on common practice. In addition, specific
countries are designated as least developed countries, landlocked

10 Reflecting progress in science, this glossary entry differs in breadth and focus from the entry used in the Fourth Assessment Report and other IPCC reports.
11 This glossary entry builds from the definition used in OECD (2003).
12 This glossary entry builds from the definitions used in Cobo (1987) and previous IPCC reports.
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Ozone 
Ozone, the triatomic form of oxygen (O3), is a gaseous atmospheric
constituent. In the troposphere, it is created both naturally and by
photochemical reactions involving gases resulting from human activities
(smog). Tropospheric ozone acts as a greenhouse gas. In the stratosphere,
it is created by the interaction between solar ultraviolet radiation and
molecular oxygen (O2). Stratospheric ozone plays a dominant role in the
stratospheric radiative balance. Its concentration is highest in the ozone
layer. 

Pacific Decadal Oscillation (PDO) 
The pattern and time series of the first empirical orthogonal function
of sea surface temperature over the North Pacific north of 20°N. The
PDO broadened to cover the whole Pacific Basin is known as the Inter-
decadal Pacific Oscillation (IPO). The PDO and IPO exhibit similar
temporal evolution.

Parameterization
In climate models, this term refers to the technique of representing
processes that cannot be explicitly resolved at the spatial or temporal
resolution of the model (sub-grid scale processes) by relationships
between model-resolved larger-scale variables and the area- or time-
averaged effect of such sub-grid scale processes.

Particulates
Very small solid particles emitted during the combustion of fossil and
biomass fuels. Particulates may consist of a wide variety of substances.
Of greatest concern for health are particulates of diameter less than or
equal to 10 nm, usually designated as PM10.

Pastoralism
A livelihood strategy based on moving livestock to seasonal pastures
primarily in order to convert grasses, forbs, tree leaves, or crop residues
into human food. The search for feed is however not the only reason
for mobility; people and livestock may move to avoid various natural
and/or social hazards, to avoid competition with others, or to seek more
favorable conditions. Pastoralism can also be thought of as a strategy
that is shaped by both social and ecological factors concerning
uncertainty and variability of precipitation, and low and unpredictable
productivity of terrestrial ecosystems.

Path dependence
The generic situation where decisions, events, or outcomes at one point
in time constrain adaptation, mitigation, or other actions or options at
a later point in time.

Permafrost
Ground (soil or rock and included ice and organic material) that remains
at or below 0°C for at least 2 consecutive years.

Persistent Organic Pollutants (POPs)
Toxic organic chemical substances that persist in the environment for
long periods of time, are transported and deposited in locations distant
from their sources of release, bioaccumulate, and can have adverse
effects on human health and ecosystems.13

Phenology 
The relationship between biological phenomena that recur periodically
(e.g., development stages, migration) and climate and seasonal changes.

Photochemical smog 
A mix of oxidizing air pollutants produced by the reaction of sunlight
with primary air pollutants, especially hydrocarbons.

Poverty 
Poverty is a complex concept with several definitions stemming from
different schools of thought. It can refer to material circumstances (such
as need, pattern of deprivation, or limited resources), economic conditions
(such as standard of living, inequality, or economic position), and/or
social relationships (such as social class, dependency, exclusion, lack of
basic security, or lack of entitlement). 

Poverty trap
Poverty trap is understood differently across disciplines. In the social
sciences, the concept, primarily employed at the individual, household,
or community level, describes a situation in which escaping poverty
becomes impossible due to unproductive or inflexible resources. A
poverty trap can also be seen as a critical minimum asset threshold,
below which families are unable to successfully educate their children,
build up their productive assets, and get out of poverty. Extreme poverty
is itself a poverty trap, since poor persons lack the means to participate
meaningfully in society. In economics, the term poverty trap is often
used at national scales, referring to a self-perpetuating condition
where an economy, caught in a vicious cycle, suffers from persistent
underdevelopment (Matsuyama, 2008). Many proposed models of
poverty traps are found in the literature.

Predictability 
The extent to which future states of a system may be predicted based on
knowledge of current and past states of the system. Because knowledge
of the climate system’s past and current states is generally imperfect,
as are the models that utilize this knowledge to produce a climate
prediction, and because the climate system is inherently nonlinear and
chaotic, predictability of the climate system is inherently limited. Even
with arbitrarily accurate models and observations, there may still be
limits to the predictability of such a nonlinear system (AMS, 2000).

Preindustrial 
See Industrial Revolution.

Probability Density Function (PDF) 
A probability density function is a function that indicates the relative
chances of occurrence of different outcomes of a variable. The function
integrates to unity over the domain for which it is defined and has the
property that the integral over a sub-domain equals the probability that
the outcome of the variable lies within that sub-domain. For example,
the probability that a temperature anomaly defined in a particular way
is greater than zero is obtained from its PDF by integrating the PDF over
all possible temperature anomalies greater than zero. Probability density
functions that describe two or more variables simultaneously are
similarly defined.

13 This glossary entry builds from the definition in the Stockholm Convention on Persistent Organic Pollutants (Secretariat of the Stockholm Convention, 2001).
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See also Asia
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Circulation

atmospheric, 190
oceanic, 1658, 1671
regional, 1162

Cities. See Urban areas
Clean Development Mechanism (CDM)*, 797,

813-814, 1111
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Climate change scenarios. See Scenarios
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Climate models*
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1143, 1454
downscaling, 1137-1138, 1159-1162
Earth System Models (ESMs)*, 282, 456
Global Climate Model (GCM), 370
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Mitigation
Climate regulation, 453, 456
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Climate-resilient pathways
Climate scenarios*. See Scenarios
Climate sensitivity*, 423-424, 450, 997
Climate system*

dangerous anthropogenic interference with,
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community-based adaptation, 390, 391
coral reefs, 378-379, 378

costs and socioeconomic aspects, 373, 382,
383

decision making for, 211
definition, 366-367
deltas, 147-148, 369, 380-381
detection and attribution, 386, 386, 989-991,

1007-1008
developed vs. developing countries, 364-365
drivers of change, 364, 367-374, 367, 368
erosion, 7, 17, 44-46, 69, 364, 376, 381, 386,

991
estuaries and lagoons, 379-380, 991
eutrophication, 364, 373, 380, 420, 465
exposure, 364, 372-373, 381
extreme events, 385
fisheries, 384
global mean sea level rise, 364, 366
groundwater, 246
habitat destruction, 375, 1707
human health, 385-386
human impacts, 364, 366, 375
human migration to, 373, 805
human population in, 17, 364, 372-373, 381,

386
human-related drivers, 372-374
human settlements and infrastructure, 364,

381-383, 382, 993
human systems, 381-386
hypoxia, 373, 420
impact and risk assessment approaches,

374-375
impacts, 364, 374-386, 375, 982, 991-993
industry, infrastructure, transport, and network

industries, 383-384
information gaps, data gaps, and research

needs, 363-366
infrastructure, 364, 383-384, 993
Integrated Coastal Zone Management (ICZM),

365, 366, 878
inundation, 374, 1707, 1712
invasive species, 364
key risks and vulnerabilities, 59, 1070
local sea level, 364
Low Elevation Coastal Zone (LECZ), 372
natural systems, 375-381
nutrients, 364, 373, 380
observed impacts, 7, 30-32, 48, 991-993,

1007-1008
ocean acidity and, 364, 368, 370, 372, 374
ocean temperature and, 364, 371-372, 379
planned retreat, 387, 389, 1375-1376
progress since AR4, 366, 368
protection, 364, 371, 387, 395
regional differences, 382
regional sea level, 364, 369
rocky coasts, 376-377, 992
runoff changes and, 364, 368, 372
salinity levels, 370, 379, 993
scenarios and models, 367
sea level extremes, 370, 991, 993
sea level rise, 7, 17, 364, 366, 367-370, 368,

374, 375, 379, 381, 385, 1669-1670,
1707

sea level rise, long-term commitment to, 394-
395

sea surface temperature, 368, 371-372, 431
sediment amounts and distribution, 364, 369,

373-374, 379, 380
socioeconomic development, 372-373
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in North America, 1460-1461
observed changes, 304
projected changes, 304
in Russia (2010), 305, 729, 999
See also Fires

Forestry, 320, 325, 676
adaptation, 962
in Asia, 1340
in Australasia, 1393-1396
in Europe, 1287-1288, 1299
FACE studies, 287, 288, 495, 499
management and adaptation, 640-642
in North America, 1460, 1471, 1472, 1477

Forests, 301-307
afforestation, 233, 257, 284, 317, 321
Amazon, 276, 284, 310, 982, 990-991
biomass, 989-990
boreal, 303-305
as carbon sink/source, 301, 305, 320
carbon stocks, 293-294
conversion to non-forest, 283
deforestation (See Deforestation)
dieback, 15, 66, 276, 306-307, 1016
insect infestations/damage, 289-290, 1016,

1443, 1447, 1458, 1459
management, 640-642
mangrove, 992, 1145, 1155
in North America, 1459, 1460-1461
pest species, 289-290, 1459
plantation forestry, 317-318
planting of fast-growing trees, 277
rainforests, 276
range/biome shifts, 307
REDD payments, 617, 630, 641, 797, 814, 965,

1111, 1119
reforestation, 277, 317, 321, 1062
temperate, 305-307
tree mortality, 15, 110, 276, 306-307, 308
tropical, 158, 284, 307-308, 990-991
See also Amazon region; Deforestation; Forest

fires; Forestry
Fourth Assessment Report (AR4), 175, 176,

182-184
Fracking (hydraulic fracturing), water use for, 258
France, climate extremes and heat waves, 720,

721, 999, 1280
Freshwater ecosystems, 14-16, 143-146, 249, 253,

271-359
adaptation, 277, 321-328
biodiversity, 274
carbon sequestration, 275
carbon stocks, 294
climate change and, 232
cross-chapter box, 143-146
land use and, 274
management actions, 277, 324-325, 325
nitrogen deposition, 286
observed impacts, 44-46, 44-48
river flow regimes, 143-146
species distribution, 274, 991
species invasions, 990
stressors and threats, 312
vulnerability and risks, 274-277, 290-321, 302

Freshwater-related risks, 66, 232-233, 248-253,
249

Freshwater resources, 229-269
adaptation and risk management, 14, 234,

253-258
adaptation barriers, 233, 254

adaptation, mitigation, and sustainable
development, 233

adaptation opportunities, constraints, and
limits, 922

climate change and, 232, 234, 251, 257, 274
climate change mitigation and, 257-258
climatic drivers, 240, 256
costs and socioeconomic aspects, 233
detection and attribution of impacts, 234-236,

235, 986-989, 987
droughts, 232, 239-240, 247-248, 247
ecosystems, 249
energy production, 252
erosion and sediment load, 237-239, 246-247
evapotranspiration, 236, 240, 241-243
extreme hydrological events, 236, 239-240
flood frequency and severity, 232, 239,

247-248, 247, 248
flood hazards, 232, 240, 242, 247, 247
framework and linkages, 234
glaciers, 233, 242, 243
greenhouse gas concentrations and, 232
groundwater, 14, 237, 238, 243-246, 250, 250
hydrological changes, 234-240
hydropower generation, 233, 252, 257-258
impact assessment methods, 241
impacts, 234, 241-248, 982, 986-989, 987
impacts of adaptation in other sectors, 257
Integrated Water Resources Management

(IWRM), 254
key risks, 66, 232-233, 256
land use and, 240-241
linkages with other sectors and services,

257-258
municipal services, 252-253
negative impacts on, 234
nonclimatic drivers, 240-241
observed changes, 44, 234-240
permafrost, 236, 243
precipitation, 236
projected changes, 14, 234, 241-248
projected extremes, 247-248, 248
projected impacts, vulnerabilities, and risks,

248-253
renewable water, decreases in, 232
research and data gaps, 258-259
risks, 232-233
runoff, 237, 243, 245
sea-level rise and, 253
soil erosion, 233, 237-239, 246
soil moisture, 232, 236, 239, 241-243, 247,

249
streamflow, 236-237, 243, 244
surface water, 232, 233, 250-251
vulnerability/risk, 248-253, 250
water availability, 248-251, 251
water management, 215, 233, 253, 254-256,

255, 258
water quality, 237, 238, 246, 251, 252
water temperature, 232, 234, 235, 237, 238,

252, 253, 274, 295
water uses, 251-253
See also specific regions

Frogs. See Amphibians
Funding gap, 28, 87, 844, 953

G
GDP. See Gross Domestic Product
Gender, 105-107

access to land, 635
adaptation options and, 617
caste system and, 799, 807, 808
climate change impacts and, 796, 807-808
cross-chapter box, 105-107
education and, 39, 73, 105, 106
emotional and psychological distress, 808
entrepreneurship and financing, 106, 635
feminization of responsibilities, 808
gender roles, 105-106, 799, 1002
gendered climate experiences, 807
health and, 718
inequalities, 19, 47-48, 796, 806-807
livelihood impacts, 807
male out-migration, 808
mortality, 808
occupational hazards, 808
rural areas, issues in, 617, 635
vulnerability and, 105-106, 635, 644, 718

Gene banks, 326
Genetic responses to climate change, 322-323,

426, 1709
Geoengineering*, 91, 1114

Carbon Dioxide Removal (CDR), 454
conflict over, 776-777
crops with reflective leaves, 321
examples of, 1114
large-scale interventions, 1114
in oceans, 416, 454, 455
risks of, 454, 455, 1065-1066
solar radiation management (SRM), 416, 454,

455, 776, 1065-1066
sustainable development and, 1114
techniques, 455

Geopolitical issues, 775-777
Germany, insurance losses, 682
Giorgi-Francisco regimes, 1160
Glacial lakes, 242
Glacial rivers, 239
Glacier lake outburst floods (GLOFs), 988, 1000,

1002
Glaciers, 233

aggregate impacts, 1016
in Asia, 242, 243, 1337, 1356, 1357
average rate of ice loss (1993-2009), 1136
in Central and South America, 623, 1518-1520,

1519, 1521, 1522, 1543, 1543
committed changes, 233
conclusions of AR4, 190
in Europe, 243, 988, 1304
Himalayan glaciers, 242
meltwater from, 233, 239
observed changes, 7, 236, 982, 987, 987, 1075,

1136
projected changes, 233, 242, 243, 253, 312
runoff from, 145, 987, 987, 1075-1076
vulnerability/risk, 1075-1076

Global Environmental Facility (GEF), 874
Global sea level. See Sea level; Sea level change
Global temperatures. See Temperature
Global warming. See Climate change; Temperature;

Temperature impacts; Temperature projections
Globalization, 616, 1303
Governance/government, 26, 207

adaptation and, 842-843, 845, 849, 1475-1476
adaptation planning and implementation, 25,

85-87, 388-390, 874-875, 886-889
government failures, 956
insurance and, 686, 686
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exposure (See Exposure)
financing, 686, 949
freshwater-related, 248-253, 249
geoengineering, 454, 455, 1043
governance and, 538-539
hierarchy of, 202
interactions of, 3, 1046
key risks*, 11-20, 21-25, 59-60, 114-121,

1069-1073
methodologies, 199-200
new, creation of, 63
newly assessed, 1062-1066
perceptions of*, 28, 1068-1069
projected, 59-60, 59-84
Reasons for Concern, 12, 61, 983, 1013-1016,

1073-1080
risk-based framework for adaptation, 902,

905-908, 906
risk pools and sharing, 949, 964
in rural areas, 633-637
systemic, 59, 60, 1070
temperature (See Key risks)
tolerable and intolerable, 88, 906, 906
transboundary, 1042-1043, 1059-1062, 1062
types of, 201
in urban areas, 538-540, 547-549, 549,

550-563
vulnerability and, 1050
See also Emergent risks; Key risks; Vulnerabilities

Risk assessment*, 3, 3-4, 55-56, 684, 983, 1052
evidence for, 11
Reasons for Concern*, 983, 1013-1016
scenarios and, 254-255
tools, 922

Risk financing, 686, 949
Risk-linked securitization, 663
Risk management*, 25-29, 26, 27, 56, 85-93, 86, 680

climate forecasts and, 643
climate-resilient pathways and, 1104, 1106
coastal systems, 365, 386-396
decision making and, 198, 199-202, 201
disaster risk reduction, 217, 390, 565-566, 565
feedbacks in, 9
freshwater resources, 253-258
in Ho Chi Minh City, 958
iterative process of, 56, 183, 198, 200-202, 201
mitigation and, 14
overlapping approaches, 86
regional, on 20-year time horizon, 1156
resilience and, 1104-1106, 1117-1118
sustainable development and, 1117-1118
See also Disaster risk management

Risk prevention, 663
Risk transfer*, 886, 949, 964
River discharge*, 625

See also Runoff
River flow regimes, 143-146, 144
Rivers, 274, 312-313

air temperature impacts, 144
cross-chapter box (flow regimes), 143-146
dams on (See Dams)
floods, 66, 721
flow regimes, 143-146, 144
impacts and vulnerability, 143-146, 312-313
mean annual flow, 144
observed impacts, 7, 30-32, 44-46, 1004
projected changes, 313
river basins, transboundary, 776
river ice, 232, 987, 987

water temperature, 144-145, 313
See also Freshwater resources; Runoff; specific

rivers
Roads, 572, 674-675, 1467
Robustness, 949, 957-958, 958
Rodent-borne diseases, 725, 1000
Rooftops, green and white, 90, 574-575
Rotavirus infection, 726
Runoff*, 143-146, 243

climate variability and, 158
coastal systems impacts, 364, 368, 372
from glaciers, 242
nutrients in, 257
observed changes, 237, 313, 987, 987
projected changes, 243, 245, 257, 372
river flow regimes and, 143-146
species richness and, 145

Rural areas, 19, 50, 70, 613-657
access to credit, 617, 642, 643
access to knowledge, 629, 635, 643
access to resources, 635, 642
access to water, 634
adaptation, 617, 637-643, 642, 644-645, 922
adaptation, decision making for, 638
adaptation experience and examples, 638-642,

639-640
adaptation limits and constraints, 617, 642-643
adaptation planning, 215-216
adaptive capacity, 617
agricultural adaptation, 638, 639-640
agricultural impacts, 616, 623-625, 631-632,

632
agriculture, 616, 617, 621-625
climate forecasts, 643
climate policies, 617, 629-630
conservation agriculture, 638
context of climate change, 616
cross-chapter box, 153-155
definition of, 616, 618-619, 619, 644
detection and attribution of impacts, 616,

619-621
distinctive characteristics of, 618
droughts, 616, 620-621
economic base, 616, 617, 623-628
economic transformation, 616
extreme weather events, 616, 620-621, 623,

633
farm households and communities, 616
fisheries, 627-628, 632-633, 637, 642, 644
food crops, 616, 623-625
food security, 616, 623-625, 628-630
forestry and biodiversity, 640-642
gender and, 617, 635, 644
governance and, 617
high-value food crops, 625
human health, 623
human population in, 616, 618, 618, 622
impact assessment, 619-637
incomes, 616
infrastructure, 616, 627
investment, 629
key conclusions, 643-645
key vulnerabilities and risks, 115-116, 633-637
knowledge and traditional knowledge, 629,

635
land tenure systems, traditional, 635
land use, 616, 635, 637
livelihood shifts, 796
livelihoods, 50, 60, 616, 617, 623-628, 644

livestock, 625-627, 633
major impacts, 616, 619-637, 644
marginalization of, 154
market orientation, 634
migration, 616, 617, 623, 628, 635
mining, 633
multiple non-climate stressors, 616
natural resources and, 617, 623
non-food crops, 625
observed impacts, 50, 616, 619-623
pastoralists, 625, 636-637, 644
poverty in, 616, 618, 618, 621, 806
poverty indicators, 623, 624
projected impacts, 19, 70, 623-633, 796
recreation and tourism, 633, 636
REDD, 630, 641
research gaps, 645
resilience, 50, 616, 630, 634, 637, 638, 644
rural-urban migration, 568
salinity and saltwater intrusion, 633
scale of farms, 617, 623, 634
smallholder and subsistence farmers, 617, 623,

627, 634, 638
spatial and regional interconnections,

628-630, 644
storms, 616
summary of previous assessments, 619, 620
trade and, 70, 616, 617, 623, 628-629
transportation, 628
tropical beverage crops, 625, 626-627, 641
under-investment, 616
urban-rural interactions, 153-155
valuation of impacts, 617, 630-633, 632
vulnerabilities and risks, 616, 619-637
vulnerability outcomes, 635
water-dependent activities, 616, 625, 638-640
water supply and resources, 19, 65, 616, 625,

632-633, 638-640, 640
Russia

forest fires, 305, 729, 999
heat wave of 2010, 503, 729, 999

S
Safety nets, 27, 539, 836, 845
Salinity (of oceans), 414, 418, 431, 435, 1658, 1672,

1673
Salinization

in coastal regions, 370, 379, 991
of groundwater, 633, 991

Salmonella, 726
Salmonellosis, 688
Saltmarshes, 377
Sanitation and sewage, 252-253

health aspects, 714
in urban areas, 538, 557-558

São Paulo, Brazil, 1532
Savannas, 308-311
Scenarios*, 56, 176-179, 179, 1179-1184

baseline, 138, 1179-1181
comparison of SRES and RCP, 178, 179
credibility of, 1181-1184
downscaling, 241
evolution of, 172
mitigation, 1080-1083, 1081, 1083
mitigation, stringent, 1045, 1055, 1081
regional assessment, 1143, 1179-1184
Representative Concentration Pathways

(RCPs), 139-140, 171, 178, 179, 285,
367, 1143
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