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1. Scope of the Assessment

The Intergovernmental Panel on Climate Change (IPCC)
charged Working Group II with reviewing current knowledge
about the impacts of climate change on physical and ecologi-
cal systems, human health, and socioeconomic sectors. IPCC
also asked Working Group II to review available data on the
technical and economic feasibility of a range of potential adap-
tation and mitigation strategies. In producing this report,
Working Group II has coordinated its activities with those of
Working Groups I and III, and built on the 1990 and 1992
IPCC assessments.

This assessment provides scientific, technical, and economic
information that can be used, inter alia, in  evaluating whether
the projected range of plausible impacts constitutes “dangerous
anthropogenic interference with the climate system” at the
local, regional, or global scales as referred to in Article 2 of the
United Nations Framework Convention on Climate Change
(UNFCCC), and in evaluating adaptation and mitigation
options that could be used in progressing toward the ultimate
objective of the UNFCCC (see Box 1). However, the assess-
ment makes no attempt to quantify “dangerous anthropogenic
interference with the climate system.” Interpreting what is
“dangerous” involves political judgment—a role reserved to
governments and the Conference of Parties to the UNFCCC.

The UNFCCC’s Article 2 explicitly acknowledges the impor-
tance of natural ecosystems, food security, and sustainable eco-
nomic development. This report directly addresses these and
other issues important to society, including water resources and
human health. It assesses what is known about the impact of cli-
mate change on terrestrial and aquatic ecosystems, human
health, and socioeconomic systems at varying time and geo-
graphic scales, as well as what is known about their vulnerabil-
ity to climate change. A system’s vulnerability to climate
change depends on its sensitivity to changes in climate and its
ability to adapt. The vulnerability assessment takes into account
the different economic and institutional circumstances among
developed and developing countries. It also recognizes the
strong influence on most of these systems of other human-
induced stresses (e.g., population demographics, land-use prac-
tices, industrialization, consumption patterns, air and water pol-
lution, and soil degradation). Where possible, this assessment
attempts to evaluate the sensitivity of systems and their poten-
tial for adaptation to: (i) changes in mean climate; (ii) changes
in extreme weather events; (iii) changes in variability; (iv) the
rate of climate change; and (v) the effects of elevated CO2 con-
centrations on vegetation (via enhanced photosynthesis and
water-use efficiency). The report also describes technical guide-
lines for assessing climate change impacts and adaptations.

This assessment also reviews and analyzes practices and tech-
nologies that (i) reduce anthropogenic emissions of greenhouse
gases arising from the production and use of energy (industry,
transportation, human settlements) and (ii) increase carbon
storage (in what are generally called sinks) and reduce green-
house gas emissions from agricultural, forestry, and rangeland

systems. It also describes methodologies for assessing mitiga-
tion options and an inventory of technology characterizations. 

2. The Nature of the Issue: Projected Changes in Climate

Earth’s climate has remained relatively stable (global tempera-
ture changes of less than 1°C over a century) during the last
10,000 years (the present interglacial period). Over this period,
modern society has evolved and, in many cases, successfully
adapted to the prevailing local climate and its natural variabil-
ity. Now, however, society faces potentially rapid changes in
future climate because of human activities that alter the atmos-
phere’s composition and change the Earth’s radiation balance.

Atmospheric concentrations of greenhouse gases (which tend
to warm the atmosphere) and aerosols (which in some regions
partially offset the greenhouse effect) have increased since the
industrial era began around 1750. Carbon dioxide (CO2) has
risen by about 30%, methane (CH4) by more than 100%, and
nitrous oxide (N2O) by about 15%. These gases now are at
greater concentrations than at any time in the past 160,000
years (the period for which scientists can reconstruct historical
climates and atmospheric compositions by analyzing ice-core
data). The combustion of fossil fuels and, to a lesser extent,
changes in land use account for anthropogenic CO2 emissions.
Agriculture is responsible for nearly 50% of human-generated
CH4 emissions and about 70% of anthropogenic N2O emis-
sions. Although CO2 emissions far exceed those of CH4 and
N2O, the global warming potentials of these latter two gases
are relatively high. Hence, they represent significant contribu-
tors to the anthropogenic greenhouse effect. CO2 has con-
tributed about 65% of the combined radiative effects of the
long-lived gases over the past 100 years; CH4 and N2O have
contributed about 20 and 5%, respectively.

Most projections suggest that without policies specifically
designed to address climate change greenhouse gas concentra-
tions will increase significantly during the next century.
Emissions of greenhouse gases and the sulfate aerosol precursor
sulfur dioxide (SO2) are sensitive to growth in population and
gross domestic product (GDP), the rate of diffusion of new tech-
nologies into the market place, production and consumption pat-
terns, land-use practices, energy intensity, the price and avail-
ability of energy, and other policy and institutional developments
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Box 1.  Ultimate Objective of the UNFCCC (Article 2)

“...stabilization of greenhouse gas concentrations in the
atmosphere at a level that would prevent dangerous
anthropogenic interference with the climate system.
Such a level should be achieved within a time frame
sufficient to allow ecosystems to adapt naturally to cli-
mate change, to ensure that food production is not
threatened, and to enable economic development to
proceed in a sustainable manner.”



(see Table 1 for a summary of assumptions used in the six IPCC
1992 emissions scenarios). Figure 1 shows plausible ranges of
CO2 emissions, in the absence of emissions abatement policies,
projected over the next 100 years in the IPCC IS92 emissions
scenarios, which are reevaluated in the Working Group III vol-
ume of this 1995 assessment.

Climate models, taking into account greenhouse gases and
aerosols, calculate that the global mean surface temperature
could rise by about 1 to 3.5°C by 2100. This range of projec-
tions is based on the range of sensitivities of climate1 to increas-
es in greenhouse gas concentrations reported by IPCC Working
Group I and plausible ranges of greenhouse gas emissions pro-
jected by IPCC in 1992. These projected global-average tem-
perature changes would be greater than recent natural fluctua-
tions and would occur at a rate significantly faster than any
since the last ice age more than 10,000 years ago. High latitudes
are projected to warm more than the global average. The relia-
bility of regional projections remains low.

Model calculations, however, suggest the following:

• Climate warming will enhance evaporation, and glob-
al mean precipitation will increase, as will the fre-
quency of intense rainfall. However, some land
regions will not experience an increase in precipita-
tion, and even those that do may experience decreases

in soil moisture because of enhanced evaporation.
Climate models also project seasonal shifts in precipi-
tation. In general, models project that precipitation
will increase at high latitudes in winter, and soil mois-
ture will decrease in some mid-latitude continental
regions during the summer.

• Variability associated with the enhanced hydrological
cycle translates into prospects for more severe droughts
and floods in some places, and less severe droughts
and/or floods in other places. As a consequence, the
incidence of fires and pest outbreaks may increase in
some regions. It remains unclear whether the frequen-
cy and intensity of extreme weather events such as
tropical storms, cyclones, and tornadoes will change.

• Regional and global climate changes are expected to
have wide-ranging and potentially adverse effects on
physical and ecological systems, human health, and
socioeconomic sectors. These will affect the economy
and the quality of life for this and future generations.

• Models project that sea level will increase by about 15
to 95 cm by 2100, allowing for average ice melt, but
could be either higher or lower than this range.
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Table 1: Summary of assumptions in the six IPCC 1992 alternative scenarios.

Scenario Population Economic Growth Energy Supplies

IS92a,b World Bank 1991 1990–2025:  2.9% 12,000 EJ conventional oil
11.3 billion by 2100 1990–2100:  2.3% 13,000 EJ natural gas

Solar costs fall to $0.075/kWh
191 EJ of biofuels available at $70/barrela

IS92c UN Medium-Low Case 1990–2025:  2.0% 8,000 EJ conventional oil
6.4 billion by 2100 1990–2100:  1.2% 7,300 EJ natural gas

Nuclear costs decline by 0.4% annually

IS92d UN Medium-Low Case 1990–2025:  2.7% Oil and gas same as IS92c
6.4 billion by 2100 1990–2100:  2.0% Solar costs fall to $0.065/kWh

272 EJ of biofuels available at $50/barrel

IS92e World Bank 1991 1990–2025:  3.5% 18,400 EJ conventional oil
11.3 billion by 2100 1990–2100:  3.0% Gas same as IS92a,b

Phase out nuclear by 2075

IS92f UN Medium-High Case 1990–2025:  2.9% Oil and gas same as IS92e
17.6 billion by 2100 1990–2100:  2.3% Solar costs fall to $0.083/kWh

Nuclear costs increase to $0.09/kWh

aApproximate conversion factor:  1 barrel = 6 GJ.
Source: IPCC, 1992: Emissions scenarios for IPCC: an update. In: Climate Change 1992: The Supplementary Report to the

IPCC Scientific Assessment [J.T. Houghton, B.A. Callander, and S.K. Varney (eds.)]. Section A3, prepared by J. Leggett,
W.J. Pepper, and R.J. Swart, and WMO/UNEP. Cambridge University Press, Cambridge, UK, 200 pp.

1 Climate sensitivity is the equilibrium change in global annual mean

surface temperature due to a doubling of atmospheric concentration

of CO2 (or equivalent doubling of other greenhouse gases).



Policymakers are faced with responding to the risks posed by
anthropogenic emissions of greenhouse gases in the face of
significant scientific uncertainties. It is appropriate to consid-
er these uncertainties in the context of information indicating
that climate-induced environmental changes cannot be
reversed quickly, if at all, due to the long time scales associat-
ed with the climate system (see Box 2). Decisions taken dur-
ing the next few years may limit the range of possible policy
options in the future, because high near-term emissions would
require deeper reductions in the future to meet any given tar-
get concentrations. Delaying action might reduce the overall
costs of mitigation because of potential technological
advances but could increase both the rate and eventual magni-
tude of climate change, hence the adaptation and damage
costs.

Policymakers will have to decide to what degree they want to
take precautionary measures by mitigating greenhouse gas
emissions and enhancing the resilience of vulnerable systems
by means of adaptation. Uncertainty does not mean that a
nation or the world community cannot position itself better to
cope with the broad range of possible climate changes or pro-
tect against potentially costly future outcomes. Delaying such
measures may leave a nation or the world poorly prepared to
deal with adverse changes and may increase the possibility of
irreversible or very costly consequences. Options for adapting
to change or mitigating change that can be justified for other
reasons today (e.g., abatement of air and water pollution) and
make society more flexible or resilient to anticipated adverse
effects of climate change appear particularly desirable.

3. Vulnerability to Climate Change:
Impacts and Adaptation

This section discusses the sensitivity, adaptability, and vulnera-
bility (see Box 3) of physical and ecological systems, human
health, and socioeconomic sectors to changes in climate. It
begins with a number of common conclusions, then describes to
the extent possible (i) the functions and current status of each
system; (ii) the sensitivity of each system to climate change and
to other environmental and human-induced factors; and (iii) the
vulnerability of each system to climate change, taking into
account adaptation options and impediments to adaptation. 

Although we have made much progress in understanding the
climate system and the consequences of climate change, large
uncertainties cloud our view of the 21st century. In particular,
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Figure 1: Projected anthropogenic CO2 emissions from fossil fuel

use, deforestation, and cement production for the six IPCC 1992

scenarios (IS92a-f)—from Climate Change 1994: Radiative Forcing

of Climate Change and An Evaluation of the IPCC IS92 Emission

Scenarios (IPCC, 1995).
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Box 2.  Time Scales of Processes
Influencing the Climate System

• Turnover of the capital stock responsible for emis-
sions of greenhouse gases: Years to decades

(without premature retirement)
• Stabilization of atmospheric concentrations of long-

lived greenhouse gases given a stable level of
greenhouse gas emissions: Decades to millennia

• Equilibration of the climate system given a stable
level of greenhouse gas concentrations:
Decades to centuries

• Equilibration of sea level given a stable climate:
Centuries

• Restoration/rehabilitation of damaged or disturbed
ecological systems: Decades to centuries

(some changes, such as species extinction, are irre-
versible, and it may be impossible to reconstruct
and reestablish some disturbed ecosystems)

Box 3.  Sensitivity, Adaptability, and Vulnerability

Sensitivity is the degree to which a system will respond
to a change in climatic conditions (e.g., the extent of
change in ecosystem composition, structure, and func-
tioning, including primary productivity, resulting from
a given change in temperature or precipitation).

Adaptability refers to the degree to which adjustments
are possible in practices, processes, or structures of
systems to projected or actual changes of climate.
Adaptation can be spontaneous or planned, and can be
carried out in response to or in anticipation of changes
in conditions.

Vulnerability defines the extent to which climate
change may damage or harm a system. It depends not
only on a system’s sensitivity but also on its ability to
adapt to new climatic conditions.

Both the magnitude and the rate of climate change are
important in determining the sensitivity, adaptability,
and vulnerability of a system.



our understanding of some key ecological processes remains
limited. So does our current ability to predict regional climate
changes, future conditions in the absence of climate change, or
to what degree climate will become more variable. Changes in
average conditions, climate variability, and the frequency and
intensity of extreme weather events all would have important
implications for both ecological and social systems.

3.1. Common Themes and Conclusions

Human health, terrestrial and aquatic ecological systems, and
socioeconomic systems (e.g., agriculture, forestry, fisheries, and
water resources) are all vital to human development and well-
being, and are all sensitive to changes in climate. Whereas many
regions are likely to experience the adverse effects of climate
change—some of which are potentially irreversible—some
effects of climate change are likely to be beneficial. Hence, dif-
ferent segments of society can expect to confront a variety of
changes and the need to adapt to them. The following conclu-
sions apply to many ecological and socioeconomic systems:

• Human-induced climate change adds an important
new stress. Human-induced climate change represents
an important additional stress, particularly to the many
ecological and socioeconomic systems already affect-
ed by pollution, increasing resource demands, and
nonsustainable management practices. The most vul-
nerable systems are those with the greatest sensitivity
to climate changes and the least adaptability.

• Most systems are sensitive to climate change.
Natural ecological systems, socioeconomic systems,
and human health are all sensitive to both the magni-
tude and the rate of climate change.
– Natural ecosystems. The composition and geo-

graphic distribution of many ecosystems will shift
as individual species respond to changes in cli-
mate; there will likely be reductions in biological
diversity and in the goods and services that ecosys-
tems provide society—for example, sources of
food, fiber, medicines, recreation and tourism, and
ecological services such as nutrient cycling, waste
assimilation, and controlling water runoff and soil
erosion. Large amounts of carbon could be
released into the atmosphere during periods of
high forest mortality in the transition from one for-
est type to another.

– Food security. Some regions, especially in the
tropics and subtropics, may suffer significant
adverse consequences for food security, even
though the effect of climate change on global
food production may prove small to moderate.

– Sustainable economic development. Some countries
will face threats to sustainable development from
losses of human habitat due to sea-level rise, reduc-
tions in water quality and quantity, disruptions from
extreme events, and an increase in human diseases
(particularly vector-borne diseases such as malaria).

• Impacts are difficult to quantify, and existing stud-
ies are limited in scope. While our knowledge has
increased significantly during the last decade and
qualitative estimates can be developed, quantitative
projections of the impacts of climate change on any
particular system at any particular location are diffi-
cult because regional scale climate change projections
are uncertain; our current understanding of many crit-
ical processes is limited; and systems are subject to
multiple climatic and non-climatic stresses, the inter-
actions of which are not always linear or additive.
Most impact studies have assessed how systems
would respond to climate change resulting from an
arbitrary doubling of equivalent atmospheric CO2

concentrations. Furthermore, very few studies have
considered dynamic responses to steadily increasing
greenhouse gas concentrations; fewer still have exam-
ined the consequences of increases beyond a doubling
of equivalent atmospheric CO2 concentrations or
assessed the implications of multiple stress factors. 

• Successful adaptation depends upon technological
advances, institutional arrangements, availability of
financing, and information exchange. Technological
advances generally have increased adaptation options
for managed systems such as agriculture and water sup-
ply. However, many regions of the world currently
have limited access to these technologies and appropri-
ate information. The efficacy and cost-effective use of
adaptation strategies will depend upon the availability
of financial resources, technology transfer, and cultur-
al, educational, managerial, institutional, legal, and reg-
ulatory practices, both domestic and international in
scope. Incorporating climate-change concerns into
resource-use and development decisions and plans for
regularly scheduled investments in infrastructure will
facilitate adaptation. 

• Vulnerability increases as adaptive capacity
decreases. The vulnerability of human health and
socioeconomic systems—and to a lesser extent eco-
logical systems—depends upon economic circum-
stances and institutional infrastructure. This implies
that systems typically are more vulnerable in devel-
oping countries where economic and institutional cir-
cumstances are less favorable. People who live on
arid or semi-arid lands, in low-lying coastal areas, in
water-limited or flood-prone areas, or on small islands
are particularly vulnerable to climate change. Some
regions have become more vulnerable to hazards such
as storms, floods, and droughts as a result of increas-
ing population density in sensitive areas such as river
basins and coastal plains. Human activities, which
fragment many landscapes, have increased the vul-
nerability of lightly managed and unmanaged ecosys-
tems. Fragmentation limits natural adaptation poten-
tial and the potential effectiveness of measures to
assist adaptation in these systems, such as the provi-
sion of migration corridors. A changing climate’s
near-term effects on ecological and socioeconomic
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systems most likely will result from changes in the
intensity and seasonal and geographic distribution of
common weather hazards such as storms, floods, and
droughts. In most of these examples, vulnerability can
be reduced by strengthening adaptive capacity.

• Detection will be difficult and unexpected changes
cannot be ruled out. Unambiguous detection of cli-
mate-induced changes in most ecological and social
systems will prove extremely difficult in the coming
decades. This is because of the complexity of these
systems, their many non-linear feedbacks, and their
sensitivity to a large number of climatic and non-cli-
matic factors, all of which are expected to continue to
change simultaneously. The development of a base-
line projecting future conditions without climate
change is crucial, for it is this baseline against which
all projected impacts are measured. The more that
future climate extends beyond the boundaries of
empirical knowledge (i.e., the documented impacts of
climate variation in the past), the more likely that
actual outcomes will include surprises and unantici-
pated rapid changes.

• Further research and monitoring are essential.
Enhanced support for research and monitoring,
including cooperative efforts from national, interna-
tional, and multilateral institutions, is essential in
order to improve significantly regional-scale climate
projections; to understand the responses of human
health, ecological, and socioeconomic systems to
changes in climate and other stress factors; and to
improve our understanding of the efficacy and cost-
effectiveness of adaptation strategies.

3.2. Terrestrial Ecosystems

Ecosystems contain the Earth’s entire reservoir of genetic and
species diversity, and provide goods and services critical to
individuals and societies. These services include (i) providing
food, fiber, medicines, and energy; (ii) processing and storing
carbon and other nutrients, which affect the atmospheric con-
centrations of greenhouse gases; (iii) regulating water runoff,
thus controlling floods and soil erosion; (iv) assimilating
wastes and purifying water; and (v) providing opportunities for
recreation and tourism. These systems and the functions they
provide are sensitive to the rate and extent of  changes in cli-
mate. Figure 2 illustrates that mean annual temperature and
mean annual precipitation can be correlated with the distribu-
tion of the world’s major biomes. While the role of these annu-
al means in affecting this distribution appears to be important,
it should be noted that the distribution of biomes also strongly
depends on seasonal factors and other non-climate conditions,
such as soil properties and disturbance regimes.

Changes in climate and associated changes in the frequency of
fires and the prevalence of pests could alter various properties
of terrestrial ecosystems. These include structure (physical
arrangement, density of populations, species composition),

function (movement of energy and material within ecosys-
tems), and productivity (rates and magnitudes of carbon fixa-
tion and respiration).

Most terrestrial ecosystems are under major pressures from
population increases and human decisions about land use,
which probably will continue to cause the largest adverse
effects for the foreseeable future. However, continuing climate
change would induce a disassembly of existing ecosystems and
an ongoing assembly of plants and animals into new ecosys-
tems—a process that may not reach a new equilibrium for sev-
eral centuries after the climate achieves a new balance.

In analyzing the potential impacts of climate change,
researchers must consider how species and ecosystems respond
to elevated concentrations of atmospheric CO2. Higher CO2

concentrations may increase the net primary productivity (NPP)
of plants, which would alter species composition by changing
the competitive balance among different plants. Although biol-
ogists have quantified these effects at the leaf to plant level in
controlled settings, such effects are only now being quantified
at the ecosystem level. This is because of the complex interac-
tions among plants in their natural environments, which depend
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Figure 2:  This figure illustrates that mean annual temperature

and mean annual precipitation can be correlated with the distribu-

tion of the world’s major biomes. While the role of these annual

means in affecting this distribution is important, it should be noted

that the distribution of biomes may also strongly depend on sea-

sonal factors such as the length of the dry season or the lowest

absolute minimum temperature, on soil properties such as water-

holding capacity, on land-use history such as agriculture or graz-

ing, and on disturbance regimes such as the frequency of fire.



upon changes in factors such as temperature, soil moisture, and
the availability of nutrients. To date, the magnitude and persis-
tence of the CO2 fertilization effect remains unquantified.
Despite increases in plant growth anticipated from CO2 fertil-
ization, the total amount of carbon stored in an ecosystem may
still decrease because increased temperature also stimulates the
decomposition of dead leaves and soil organic matter.

In addition to the changes within ecosystems, temperature
changes and increased CO2 could result in significant alter-
ations in the overall distribution of the world’s biomes. Figure
3 shows the potential distribution of the major world biomes
under current climate conditions and a doubled CO2-equivalent
climate-change scenario. The possible effects of climate
change on the boundaries of forests and rangelands are dis-
cussed further in Boxes 4 and 5. The consequences for some
terrestrial ecosystems depend critically on how fast climate
zones shift. The rates of these shifts are important in part
because different plant species migrate at different rates,
depending on their growth and reproductive cycles. 

3.2.1. Forests

Forests contain a wide range of species with complex life
cycles. These ecosystems contain 80% of all aboveground car-
bon in vegetation and about 40% of all soil carbon. Forests and
forest soils also play a major role in the carbon cycle as sources
(e.g., forest degradation and deforestation) and sinks (reforesta-
tion, afforestation, and possibly enhanced growth resulting from
carbon dioxide fertilization). Forests, particularly in the tropics,
harbor as much as two-thirds of the world’s biodiversity. They

directly affect climate up to the continental scale by influencing
ground temperatures, evapotranspiration, surface roughness,
albedo, cloud formation, and precipitation.

A variety of biological, chemical, and physical factors affect
forest ecosystems. Forest productivity and the number of
species generally increase with increasing temperature, precip-
itation, and nutrient availability. Forests are particularly vul-
nerable to and may decline rapidly under extreme changes in
water availability (either drought or waterlogging). Models
project that a sustained increase of 1°C in global mean temper-
ature is sufficient to cause changes in regional climates that
will affect the growth and regeneration capacity of forests in
many regions. In several instances, this will alter the function
and composition of forests significantly. As a consequence of
possible changes in temperature and water availability under
doubled equivalent-CO2 equilibrium conditions, a substantial
fraction (a global average of one-third, varying by region from
one-seventh to two-thirds) of the existing forested area of the
world will undergo major changes in broad vegetation types—
with the greatest changes occurring in high latitudes.

Climate change is expected to occur rapidly relative to the
speed at which forest species grow, reproduce, and reestablish
themselves. For mid-latitude regions, an average global warm-
ing of 1–3.5°C over the next 100 years would be equivalent to
shifting isotherms poleward approximately 150–550 km or an
altitude shift of 150–550 m; in low latitudes, temperatures
would generally be increased to higher levels than now exist.
This compares to past tree species migration rates on the order
of 4–200 km per century. Entire forest types may disappear,
and new ecosystems may take their places.
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Box 4. Regional Implications of Climate Change for Forests

Tropical forests. It is likely that temperature increases will have a smaller impact on tropical forests than on temperate
or boreal forests, because models project that temperatures will increase less in the tropics than at other latitudes.
However, tropical forests are very sensitive to the amount and seasonality of rainfall. In general, human activities caus-
ing conversion to other land-cover types will likely affect tropical forests more than climate change. If CO2 fertilization
is important, it may lead to a gain in net carbon storage because of the slow rate at which the associated soil respiration
increases in this zone.

Temperate forests. In some temperate forests, NPP may increase due to warming and increased atmospheric CO2.
However, in other regions warming-induced water shortages, pest activity, and fires may cause decreased NPP and possi-
ble changes in temperate forest distribution. Most temperate forests are located primarily in developed countries that
have the resources to reduce the impacts of climate change on their forests through integrated fire, pest, and disease
management, and/or encouraging reforestation. 

Boreal forests. As warming is expected to be particularly large at high latitudes, and as boreal forests are more strongly
affected by temperature than forests in other latitudinal zones, climatic change is likely to have its greatest impact on
boreal forests. Increased fire frequency and pest outbreaks are likely to decrease the average age, biomass and carbon
store, with greatest impact at the southern boundary, where the boreal coniferous forest is likely to give way to temperate
zone pioneer species or grasslands. Northern treelines are likely to advance slowly into regions currently occupied by
tundra. The NPP of forests that are not limited by water availability is likely to increase in response to warming, partly
mediated by increased nitrogen mineralization. However, there may be a net loss of carbon from the ecosystem because
of associated increases in soil organic matter decomposition.
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Mature forests are a large terrestrial store of carbon. In general,
temperate and tropical forests contain as much carbon above-
ground as belowground, but boreal forests contain most of their
carbon belowground. It remains unclear whether forests will
continue to sequester carbon through growth under less suitable
conditions than exist today. Although NPP could increase, the
standing biomass of forests may not because of more frequent
outbreaks and extended ranges of pests and pathogens, and
increasing frequency and intensity of fires. Large amounts of
carbon could be released into the atmosphere during transitions
from one forest type to another, because the rate at which carbon
can be lost during times of high forest mortality is greater than
the rate at which it can be gained through growth to maturity.

3.2.2. Rangelands

Rangelands (i.e., unimproved grasslands, shrublands, savan-
nas, deserts, and tundra) occupy 51% of the Earth’s land sur-
face. They contain about 36% of its total carbon in living and
dead biomass, include a large number of economically impor-
tant species and ecotypes, and sustain millions of people.
Rangelands support 50% of the world’s livestock and provide
forage for domesticated animals and wildlife.

The amounts and seasonal distribution of precipitation are the
primary controls on rangeland carbon cycling and productivi-
ty. Water availability and balance play vital roles in controlling
the productivity and geographic distribution of rangeland
ecosystems; thus, small changes in extreme temperatures and
precipitation may have disproportionate effects.

Increases in CO2 likely will result in reductions of forage qual-
ity and palatability because of increasing carbon-to-nitrogen
ratios and shrub encroachment. These effects will become
more evident in low-latitude rangelands, where the low nutri-
tional value of forage already creates a chronic problem.

Boundaries between rangelands and other ecosystems appear
likely to change as a result of direct climate effects on species
composition as well as indirect factors such as changes in wild-
fire frequency and land use. Temperate rangelands will experi-
ence these effects the most. Migration rates of rangeland vege-
tation appear to be faster than for forests.

Precipitation and temperature variations associated with cli-
mate change may alter the role of high-latitude tundra systems
in the carbon cycle. During the past decade, some tundra sys-
tems have shifted from a net sink to a net source of atmospheric
CO2, perhaps due to decreased soil moisture associated with
warmer summers (a positive climate feedback). The tundra and
taiga (subarctic evergreen forests) also provide 10% of the
global atmospheric input of CH4. Warming-related changes
may dry soils and increase surface oxidation, thus decreasing
CH4 releases (a negative climate feedback).

Devising adaptation strategies for rangeland systems may
prove difficult in marginal food-producing areas where pro-
duction is very sensitive to climate change, changing of tech-
nology is risky, and the rate of adoption of new techniques and
practices is slow. Decreases in rangeland productivity would
result in a decline in the overall contribution of the livestock
industries to national economies, with serious implications for
food production in many developing areas with pastoral
economies. Adaptation options in more highly managed pas-
tures include management of forage, animal breeding, pasture
renewal, and irrigation.

3.2.3. Deserts and Land Degradation

If the Earth’s climate does change as projected in current sce-
narios, conditions in most deserts are likely to become more
extreme—in that, with few exceptions, they are projected to
become hotter but not significantly wetter. Temperature
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Box 5. Regional Implications of Climate Change for Rangelands

Tropical rangelands. Temperature increases per se should not lead to major alterations in tropical rangelands, except
where infrequent frosts currently limit some species. The most severe consequences could result from altered rainfall
(seasonality and amount). Increasing carbon-to-nitrogen ratios could also result in reduced forage quality and palatabili-
ty. The influence of increasing concentrations of CO2 on photosynthesis and greater growth would have a major impact
on the productivity of these rangelands.

Temperate rangelands. Climate change clearly will alter temperate rangelands and associated savannas and shrublands.
Because of the high correlation between rangeland types and climate belts, any shifts in temperature and precipitation
will bring corresponding shifts in rangeland boundaries. Continental areas that experience drier conditions during the
growing season may see a shift from grasslands to shrublands.

Tundra. Tundra systems should exhibit high sensitivity to climatic warming. Indirect temperature effects, especially
those associated with decreases in the amount of frozen soil and with changes in nutrient availability, will result in shifts
in species composition. Changes in precipitation and temperature could decrease soil moisture in high-latitude tundra
systems, changing some tundra systems from net sinks to net sources of carbon dioxide to the atmosphere while also
increasing surface oxidation and decreasing methane flux.



increases, in particular, could be a threat to organisms that now
exist near their heat-tolerance limits. The impacts of climate
change on water balance, hydrology, and vegetation remain
uncertain and would probably vary significantly among regions.

Land degradation—which reduces the physical, chemical, or
biological quality of land and lowers its productive capacity—
already poses a major problem in many countries. Current gen-
eral circulation models (GCMs) project that in some regions,
climate change will increase drought and result in rainfall of
higher intensity and more irregular distribution. This could
increase the potential for land degradation, including loss of
organic matter and nutrients, weakening of soil structure,
decline in soil stability, and an increase in soil erosion and
salinization. Areas that experience increased rainfall and soil
moisture will benefit from the opportunities for more flexible
use. However, they may experience stronger leaching, leading
to increased acidification and loss of nutrients. In appropriate
situations, additions of lime and fertilizers or conservation
management policies could correct these deficiencies.

Desertification, as defined by the United Nations Convention
to Combat Desertification, is land degradation in arid, semi-
arid, and dry sub-humid areas resulting from various  factors,
including climatic variations and human activities. Droughts
may trigger or accelerate desertification by reducing the
growth of important plant species. Grazing can strip the land of
its cover under these conditions. However, the amount of pre-
cipitation needed to sustain growth varies with the tempera-
ture, soil moisture capacity, and species. Desertification is
more likely to become irreversible if the environment becomes
drier and the soil becomes further degraded through erosion
and compaction. Adaptation to drought and desertification may
rely on the development of diversified production systems,
such as agroforestry techniques and ranching of animals better
adapted to local conditions. However, adaptation also needs
political, social, extension service, and educational inputs.

3.2.4. Cryosphere

Many components of the cryosphere (i.e., snow, ice, and per-
mafrost) are particularly sensitive to changes in atmospheric
temperature. The last century has witnessed a massive loss and
retreat of mountain glaciers, a reduction in the areal distribu-
tion of permafrost, and evidence of later freeze-up and earlier
break-up of river and lake ice in many northern countries.
These observations are consistent with a 0.5°C increase in the
annual global mean temperature during the last century.

Projected changes in climate will substantially reduce the extent
and volume of the cryosphere over the next century, causing pro-
nounced reductions in mountain glaciers, permafrost, and season-
al snow cover. By the year 2100, between one-third and one-half
of all mountain glaciers could disappear. The reduced extent of
glaciers and depth of snow cover would affect the seasonal distri-
bution of river flow, with potential implications for water
resources (e.g., hydroelectric generation, agriculture). Data on

iceberg calving from ice sheets and expected changes in calving
as a result of projected temperature increases are inconclusive,
although some scientists suggest that certain ice shelves currently
are breaking up systematically. Little change in the extent of the
Greenland and Antarctic ice sheets is expected over the next
50–100 years. An increase in temperature would extend the dura-
tion of the navigation season on rivers and lakes affected by sea-
sonal ice cover. Projected reductions in the extent and thickness of
the sea-ice cover in the Arctic Ocean and its peripheral seas could
substantially benefit shipping, perhaps opening the Arctic Ocean
as a major trade route. A reduction in the areal extent and depth of
permafrost would have serious consequences for a number of
human activities. Thawing of permafrost releases CH4 hydrates.

3.2.5. Mountain Regions

Mountains cover about 20% of continental surfaces and serve
as an important water source for most of the world’s major
river systems. Mountain ecosystems are under considerable
stress from humans, and climate change will exacerbate existing
conflicts between environmental and socioeconomic concerns.
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Paleologic records indicate that past warming of the climate
has caused the distribution of vegetation to shift to higher ele-
vations, resulting in the loss of some species and ecosystems.
Simulated scenarios for temperate-climate mountain sites sug-
gest that continued warming could have similar consequences
(see Figure 4), thus species and ecosystems with limited cli-
matic ranges could disappear because of disappearance of
habitat or reduced migration potential.

In most mountain regions, a warmer climate will reduce the
extent and volume of glaciers and the extent of permafrost and
seasonal snow cover. Along with possible precipitation
changes, this would affect soil stability and a range of socioe-
conomic activities (e.g., agriculture, tourism, hydropower, and
logging). Climate change may disrupt mountain resources for
indigenous populations (e.g., fuel and subsistence and cash
crops) in many developing countries. Recreational activities,
which are increasingly important economically to many
regions, also face likely disruptions. People living outside
mountain regions who use water originating in them also
would experience significant consequences.

Because of their climatic and habitat diversity, mountains pro-
vide excellent locations for maintaining biological diversity.
In particular, large north-south mountain chains such as the
Andes can facilitate migration under changing climate if
appropriately managed.

3.3. Aquatic Ecosystems

Aquatic ecosystems encompass lakes and streams, non-tidal
wetlands, coastal environs, and oceans. These systems are sen-
sitive to changes in temperature, precipitation, and sea level and
in turn exert important feedbacks on climate by influencing car-
bon fluxes. They provide a range of socioeconomic values and
benefits—including food, energy, transportation, timber, flood
mitigation, erosion control, water supply, and recreation.

3.3.1. Lakes and Streams

Climate change will influence lakes and streams through
altered water temperatures, flow regimes, and water levels.
These will directly affect the survival, reproduction, and
growth of organisms; the productivity of ecosystems; the per-
sistence and diversity of species; and the regional distribution
of biota. Climatic warming would tend to shift geographic
ranges of many species poleward by approximately 150 km for
every 1°C increase in air temperature. Changes in the heat bal-
ance of lakes would alter their mixing properties, which would
have large effects on their primary productivity. Changes in
runoff and groundwater flows to lakes and streams would alter
the input of nutrients and dissolved organic carbon, which in
turn would alter the productivity and clarity of the waters.
Changes in hydrologic variability are expected to have greater
ecological effects than changes in mean values. For example,
increased frequency or duration of flash floods and droughts

would reduce the biological diversity and productivity of
stream ecosystems.

Although the effects on lake and stream ecosystems will vary
with the distribution of climate changes, some general conclu-
sions emerge. Warming would have the greatest biological
effects at high latitudes, where biological productivity would
increase, and at the low-latitude boundaries of cold- and cool-
water species ranges, where appropriate thermal habitat would
become more fragmented and extinctions would be greatest.
The rate of climatic warming may exceed the rate of shifts in
species ranges. Warming of the larger and deeper temperate
lakes will increase their productivity and thermal habitat favor-
able for native fishes, whereas warming of shallow lakes and
streams could lead to increased anoxia and reduction in suit-
able habitat. Deep tropical lakes may become less productive
as thermal stratification intensifies and nutrients become
trapped below the mixed layer. Lakes and streams in dry, evap-
orative drainages and in basins with small catchments are most
sensitive to changes in precipitation and would experience the
most severe water-level declines if precipitation were to
decrease. For many lakes and streams, the most severe effects
of climate change may be the exacerbation of current stresses
resulting from human activities, including increasing demands
for consumptive uses, increasing waste effluent loadings and
runoff of agricultural and urban pollutants, and altered water
balance and chemical input rates from landscape disturbance
and atmospheric deposition.

3.3.2. Non-Tidal Wetlands

Wetlands are areas of low-lying land where the water table lies
at or near the surface for some defined period of time, produc-
ing extensive shallow, open water and waterlogged areas.
Wetlands exist on every continent (except Antarctica), in both
inland and coastal areas, and cover approximately 4–6% of the
Earth’s land surface. Human activities such as agricultural
development, construction of dams and embankments, and
peat mining already threaten these ecosystems and have con-
tributed to the disappearance of more than half of the world’s
wetlands during the last century. Non-tidal (primarily inland)
wetlands provide refuge and breeding grounds for many
species, including a large number with commercial value; are
an important repository of biodiversity; control floods and
droughts; and improve water quality. They also serve as a car-
bon sink. Boreal and subarctic peatlands store an estimated 412
Gt C, or about 20% of the global organic carbon stored in soils.

Climate change will most greatly influence wetlands by alter-
ing their hydrologic regimes (increasing or decreasing water
availability; changing the depth, duration, frequency, and sea-
son of flooding). These changes will affect the biological, bio-
geochemical, and hydrological functions of wetlands and alter
their value to societies for such functions as aquifer recharge,
sediment retention, waste processing, and carbon storage.
There will be an impact of climate change on greenhouse gas
release from non-tidal wetlands, but there is uncertainty
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regarding the exact effects from site to site; some arctic areas
already have shifted from weak carbon sinks to weak CO2

sources due to drying.

The geographical distribution of wetlands is likely to shift with
changes in temperature and precipitation. Warming would
severely affect wetlands in arctic and subarctic regions by
thawing permafrost, which is key to maintaining high water
tables in these ecosystems.

Possibilities for adaptation, conservation, and restoration in
response to climate change vary among wetland types and their
various functions. For regional and global functions (e.g.,
trace-gas fluxes and carbon storage), no responses exist that
humans can apply at the necessary scale. For wetland functions
at the local scale (habitat value, pollution trapping, and, to
some degree, flood control), possibilities do exist. However,
interest in wetland creation and restoration has outpaced the
science and technology needed to successfully create wetlands
for many specific purposes.

3.3.3. Coastal Ecosystems

Many commercially important marine species depend on
coastal ecosystems for some part of their life cycle, and some
coastal ecosystems (e.g., coral reefs, mangrove communities,
and beaches) provide an important buffer against storms and
surges. Sea-level rise, altered rainfall patterns, and changes in
ocean temperature likely will result in additional adverse
impacts on coastal ecosystems, particularly where human
activities already affect environmental conditions.

Coastal systems are ecologically and economically important,
and are expected to vary widely in their response to changes
in climate and sea level. Climate change and a rise in sea level
or changes in storms or storm surges could result in the dis-
placement of wetlands and lowlands, erosion of shores and
associated habitat, increased salinity of estuaries and freshwa-
ter aquifers, altered tidal ranges in rivers and bays, changes in
sediment and nutrient transport, a change in the pattern of
chemical and microbiological contamination in coastal areas,
and increased coastal flooding. In many areas, intensive
human alteration and use of coastal environments already
have reduced the capacity of natural systems to respond
dynamically. Other regions, however, may prove far less sen-
sitive and may keep pace with climate and sea-level change.
This suggests that future impact analyses must be carried out
region by region.

Nonetheless, research findings strongly indicate that some
coastal ecosystems face particular risks from changes in cli-
mate and sea level. A number of regional studies show the
disappearance of saltwater marshes, mangrove ecosystems,
and coastal wetlands at a rate of 0.5–1.5% per year over the
last few decades. The interaction of climate change, sea-level
rise, and human development will further threaten these par-
ticularly sensitive ecosystems. Climate-change impacts on

coastal ecosystems will vary widely. The sea level may rise
faster than sediment accretion rates in many coastal areas;
thus, existing wetlands will disappear faster than new ones
appear. Ecosystems on coral atolls and in river deltas show
special sensitivity to climate and sea-level change. Changes
in these ecosystems almost certainly would have major nega-
tive effects on tourism, freshwater supplies, fisheries, and
biodiversity. Such impacts would further modify the func-
tioning of coastal oceans and inland waters already stressed
by pollution, physical modification, and material inputs due
to human activities.

Coral reefs are the most biologically diverse marine ecosys-
tems; they also are very sensitive to climate change. Short-term
increases in water temperatures on the order of only 1–2°C can
cause “bleaching,” leading to reef destruction. Sustained
increases of 3–4°C above long-term average seasonal maxima
over a 6-month period can cause significant coral mortality.
Biologists suggest that fully restoring these coral communities
could require several centuries. A rising sea level also may
harm coral reefs. Although available studies indicate that even
slow-growing corals can keep pace with the “central estimate”
of sea-level rise (approximately 0.5 cm per year), these studies
do not take account of other pressures on coral populations,
such as pollution or enhanced sedimentation.

3.3.4. Oceans

Oceans occupy 71% of the Earth’s surface. They provide an
important component of the climate system, due to their role in
controlling the distribution and transfer of heat and CO2 (inter-
nally and with the atmosphere) and in the transfer of water
back to the continents as precipitation. They provide vital min-
eral resources, an environment for living resources ranging
from phytoplankton to whales, and support for socioeconomic
activities such as transportation, fishing, and recreation.

Oceans are sensitive to changes in temperature, freshwater
inputs from continents and atmospheric circulation, and the
interaction of these factors with other environmental factors
such as ultraviolet-B (UV-B) radiation and pollution (which is
especially important in inland seas, bays, and other coastal
areas). Climate change may alter sea level, increasing it on
average, and could also lead to altered ocean circulation, ver-
tical mixing, wave climate, and reductions in sea-ice cover. As
a result, nutrient availability, biological productivity, the
structure and functions of marine ecosystems, the ocean’s
heat- and carbon-storage capacity, and important feedbacks to
the climate system will change as well. These changes would
have implications for coastal regions, fisheries, tourism and
recreation, transport, off-shore structures, and communica-
tion. Paleoclimatic data and model experiments suggest that
abrupt climatic changes can occur if freshwater influx from
the movement and melting of sea ice or ice sheets significant-
ly weakens global thermohaline circulation (the sinking of
dense surface waters in polar seas that moves bottom water
toward the equator).
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3.4. Water

Water availability is essential to national welfare and produc-
tivity. The world’s agriculture, hydropower production, munic-
ipal and industrial water supply, instream ecosystems, water-
based recreation, and inland navigation depend on surface and
groundwater resources. The quantity and quality of water sup-
plies pose a serious problem today in many regions, including
some low-lying coastal areas, deltas, and small islands. Water
availability already falls below 1,000 m3 per person per year—
a common benchmark for water scarcity—in a number of
countries (e.g., Kuwait, Jordan, Israel, Rwanda, Somalia,
Algeria, Kenya). Other nations likely to fall below this bench-
mark in the next 2 to 3 decades include Libya, Egypt, South
Africa, Iran, and Ethiopia. In addition, a number of countries in
conflict-prone areas depend on water originating outside their
borders (e.g., Cambodia, Syria, Sudan, Egypt, Iraq). This
makes them quite vulnerable to any additional reduction in
indigenous water supplies. The depletion of aquifers, urbaniza-
tion, land-cover changes, and contamination exacerbate the
problem of water availability.

A changing climate will lead to an intensification of the global
hydrological cycle, which determines how precipitation is par-
titioned between ground and surface water storage (including
snow cover), fluxes to the atmosphere, and flows to the oceans.
Changes in the total amount of precipitation and in its frequen-
cy and intensity directly affect the magnitude and timing of
runoff and the intensity of floods and droughts; however, at
present, specific regional effects are uncertain. In addition,
changes in the hydrological cycle affect land cover and the sur-
face energy balance, thus altering important feedbacks on the
climate system.

Relatively small changes in temperature and precipitation,
together with the non-linear effects on evapotranspiration and
soil moisture, can result in relatively large changes in runoff,
especially  in arid and semi-arid lands. High-latitude regions
may experience increased runoff due to increased precipitation,
whereas runoff may decrease at lower latitudes due to the com-
bined effects of increased evapotranspiration and decreased pre-
cipitation. Even in areas where models project a precipitation
increase, higher evaporation rates may lead to reduced runoff.
More intense rainfall would tend to increase runoff and the risk
of flooding, although the magnitude of the effect would depend
on both an area’s rainfall change and its catchment characteris-
tics. This effect could be exacerbated in regions where extensive
reductions occur in vegetation (e.g., deforestation, overgrazing,
logging). Winter snowfall and spring snowmelt determine the
flow rates of rivers and streams in many continental and moun-
tain areas. Should the climate change and the proportion of pre-
cipitation falling as snow decrease, widespread reductions in
spring runoff and increases in winter runoff seem likely. These
changes would have consequences for water storage and deliv-
ery systems, irrigation, and hydroelectricity production.

Many factors, including changes in vegetation, population
growth, and industrial and agricultural demands complicate an

assessment of the potential effects of climate change on water
resources. Current understanding suggests that climate change
can have major impacts on regional water supplies. At present,
general circulation models only provide projections on a large
geographic scale. They do not agree on a likely range of
changes in average annual precipitation for any given basin or
watershed, hence fail to provide sufficient information to assist
water managers in making decisions.

A change in the volume and distribution of water would affect
all of a region’s water uses. The impacts, however, will depend
also on the actions of water users and managers, who will
respond not only to climate change but also to population
growth and changes in demands, technology, and economic,
social, and legislative conditions. In some cases—particularly
in wealthier countries with integrated water-management sys-
tems—these actions may protect water users from climate
change at minimal cost. In many others however—particularly
those regions that already are water-limited—substantial eco-
nomic, social, and environmental costs could occur. Water
resources in arid and semi-arid zones are particularly sensitive
to climate variations because of low-volume total runoff and
infiltration and because relatively small changes in temperature
and precipitation can have large effects on runoff. Irrigation—
the largest use of water in many countries—will be the first
activity affected in regions where precipitation decreases. This
is because in some regions water used for agriculture costs less
than water for domestic and industrial activities. During water
shortages, allocations to agriculture will most likely decline
before allocations to those other uses.

The increased uncertainty in the future supply and demand of
water resources raises a key issue for water management.
Countries with high population growth rates are likely to expe-
rience significant decreases in per capita water availability
even without climate change. The issue is complicated further
when projected climate change is taken into account. Based on
outputs from transient climate models, hydrological models
indicate that per capita water availability would vary widely,
from slight increases in percentage of water available per capi-
ta to large percentage decreases, for the countries considered.
Significant differences in the regional distribution of water
deficits and surpluses also may occur within each country.

Options for dealing with the possible impacts of a changed cli-
mate and increased uncertainty about future supply and
demand for freshwater include:

• More efficient management of existing supplies and
infrastructure

• Institutional arrangements (e.g., market and regulato-
ry measures) to limit future demands on scarce water
supplies

• Improved hydrological monitoring and forecasting
systems and establishment of early warning systems
for floods/drought

• Rehabilitation of presently denuded tracts of upland
watersheds, especially in the tropics
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• Construction of new reservoir capacity to capture and
store excess flows produced by altered patterns of
snowmelt and storms (although this often would be
difficult to plan in the absence of improved watershed
climate information).

Water managers, in a continuously adaptive enterprise, respond
to changing demographic and economic demands, information,
and technologies. Experts disagree about whether water supply
systems will evolve substantially enough in the future to com-
pensate for the anticipated negative impacts of climate change
and the anticipated increases in demand.

3.5. Food and Fiber 

Two broad classes of climate-induced effects influence the
quality and quantity of agricultural and forestry yields: (i)
direct effects from changes in temperature, water balance,
atmospheric composition, and extreme events; and (ii) indirect
effects through changes in the distribution, frequency, and
severity of pest and disease outbreaks, incidence of fire, weed
infestations, or through changes in soil properties. Fisheries
respond to direct climate-change effects such as increases in
water temperature and sea level and changes in precipitation,
freshwater flows, climate variability, and currents. They
respond also to indirect effects such as shifts in food supply
and the expansion in ranges of red tides and other biotoxins,
which could lead to increased contamination of fisheries. The
vulnerability of food and fiber production to climate change
depends not only on the physiological response of plants and
animals but also on the ability of the affected production and
distribution systems to cope with fluctuations in yield. 

3.5.1. Agriculture

Recent studies support evidence in the 1990 assessment that,
on the whole, global agricultural production could be main-
tained relative to baseline production in the face of climate
change modeled by GCMs at doubled-equivalent CO2 equi-
librium conditions. However, more important than global
food production—in terms of the potential for hunger, mal-
nutrition, and famine—is the access to and availability of
food for specific local and regional populations. Many new
crop studies conducted since the 1990 assessment report
results that vary widely by crop, climate scenario, study
methodology, and site (results are aggregated and summa-
rized in Table 2). Limited ranges for some countries reflect
the small number of studies available. At broader regional
scales, subtropical and tropical areas—home to many of the
world’s poorest people—show negative consequences more
often than temperate areas. People dependent on isolated
agricultural systems in semi-arid and arid regions face the
greatest risk of increased hunger due to climate change. Many
of these at-risk populations live in sub-Saharan Africa; South,
East, and Southeast Asia; and tropical areas of Latin America,
as well as some Pacific island nations.

These conclusions emerge from studies that model the effects on
agricultural yields induced by climate change and elevated CO2.
These studies presently do not include changes in insects, weeds,
and diseases; direct effects of climate change on livestock;
changes in soils and soil-management practices; and changes in
water supply caused by alterations in river flows and irrigation.
Moreover, the studies have considered only a limited set of adap-
tation measures and are based on yield analyses at a limited num-
ber of sites. Failure to integrate many key factors into agronomic
and economic models limits their ability to consider transient cli-
mate scenarios and to fully address the costs and potential of
adaptation. However, increased productivity of crops due to ele-
vated concentrations of CO2 is an important assumption in most
crop modeling studies. Although the mean value response under
experimental conditions is a 30% increase in productivity for C3

crops (e.g., rice and wheat) under doubled-CO2 conditions, the
range is -10 to +80%. The response depends on the availability of
plant nutrients, plant species, temperature, precipitation, and
other factors, as well as variations in experimental technique.

A wide range of views exists on the potential of agricultural sys-
tems to adapt to climate change. Historically, farming systems
have adapted to changing economic conditions, technology and
resource availability, and population pressures. Uncertainty
remains regarding whether the rate of climate change and required
adaptation would add significantly to the disruptions resulting
from other socioeconomic or environmental changes. Adaptation
to climate change via new crops and crop varieties, improved
water-management and irrigation systems, and information (e.g.,
optimal planting times) will prove important in limiting negative
effects and taking advantage of beneficial changes in climate. The
extent of adaptation depends in part on the cost of the measures
used, particularly in developing countries; access to technology
and skills; the rate of climate change; and constraints such as water
availability, soil characteristics, topography, and the genetic diver-
sity bred into crops. The incremental costs of these adaptation
strategies could create a serious burden for some developing coun-
tries; some adaptation strategies may result in cost savings for
some countries. There are significant uncertainties about the
capacity of different regions to adapt successfully to projected cli-
mate change. Many current agricultural and resource policies—
already a source of land degradation and resource misuse—likely
will discourage effective adaptation measures.

Changes in grain prices, in the prevalence and distribution of
livestock pests, and in grazing land and pasture productivity all
will affect livestock production and quality. In general, analyses
indicate that intensively managed livestock systems have more
potential for adaptation than crop systems. In contrast, adapta-
tion presents greater problems in pastoral systems where pro-
duction is very sensitive to climate change, technology changes
incur risks, and the rate of technology adoption is slow.

3.5.2. Forestry

Global wood supplies during the next century may become
increasingly inadequate to meet projected consumption due to
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Table 2: Selected crop study results for 2 x CO2-equivalent equilibrium GCM scenarios.

Region Crop Yield Impact (%) Comments

Latin America Maize -61 to increase Data are from Argentina, Brazil, Chile, and Mexico; range is across 
GCM scenarios, with and without CO2 effect.

Wheat -50 to -5 Data are from Argentina, Uruguay, and Brazil; range is across GCM 
scenarios, with and without CO2 effect.

Soybean -10 to +40 Data are from Brazil; range is across GCM scenarios, with CO2 effect.

Former Soviet Wheat -19 to +41 Range is across GCM scenarios and region, with CO2 effect.
Union Grain -14 to +13

Europe Maize -30 to increase Data are from France, Spain, and northern Europe; with adaptation and 
CO2 effect; assumes longer season, irrigation efficiency loss, and 
northward shift.

Wheat increase or Data are from France, UK, and northern Europe; with adaptation and 
decrease CO2 effect; assumes longer season, northward shift, increased pest 

damage, and lower risk of crop failure.

Vegetables increase Data are from UK and northern Europe; assumes pest damage 
increased and lower risk of crop failure.

North America Maize -55 to +62 Data are from USA and Canada; range is across GCM scenarios and 
Wheat -100 to +234 sites, with/without adaptation and with/without CO2 effect.

Soybean -96 to +58 Data are from USA; less severe or increase with CO2 and adaptation.

Africa Maize -65 to +6 Data are from Egypt, Kenya, South Africa, and Zimbabwe; range is 
over studies and climate scenarios, with CO2 effect.

Millet -79 to -63 Data are from Senegal; carrying capacity fell 11–38%.

Biomass decrease Data are from South Africa; agrozone shifts.

South Asia Rice -22 to +28 Data are from Bangladesh, India, Philippines, Thailand, Indonesia, 
Maize -65 to -10 Malaysia, and Myanmar; range is over GCM scenarios, with CO2

Wheat -61 to +67 effect; some studies also consider adaptation.

China Rice -78 to +28 Includes rainfed and irrigated rice; range is across sites and GCM
scenarios; genetic variation provides scope for adaptation.

Other Asia and Rice -45 to +30 Data are from Japan and South Korea; range is across GCM scenarios; 
Pacific Rim generally positive in north Japan, and negative in south.

Pasture -1 to +35 Data are from Australia and New Zealand; regional variation.

Wheat -41 to +65 Data are from Australia and Japan; wide variation, depending on cultivar.

Note:  For most regions, studies have focused on one or two principal grains.  These studies strongly demonstrate the variability
in estimated yield impacts among countries, scenarios, methods of analysis, and crops, making it difficult to generalize results
across areas or for different climate scenarios.



both climatic and non-climatic factors. Assuming constant per
capita wood use, analysis of changing human populations sug-
gests that the annual need for timber will exceed the current annu-
al growth increment of 2% by the year 2050. However, growth
could increase slightly from warming and enhanced atmospheric
CO2 concentrations, or decrease greatly from declines and mor-
tality of forest ecosystems brought on by climate change.

Tropical forest product availability appears limited more by
changes in land use than by climate change, at least through the
middle of the next century. By then, projections indicate that
growing stock will have declined by about half due to non-climat-
ic reasons related to human activities. This projected decline holds
up even after calculating changes in climate and atmospheric com-
position during this period, which could increase forest productiv-
ity and the areas where tropical forests can potentially grow.
Communities that depend on tropical forests for fuelwood, nutri-
tion, medicines, and livelihood will most feel the effects of
declines in forested area, standing stock, and biodiversity.

Temperate-zone requirements for forest products should be
met for at least the next century. This conclusion emerges from
projected climate and land-use changes that leave temperate
forest covering about as much land in 2050 as today. It further
assumes that current harvests increase only slightly, that the
annual growth increment remains constant, and that imports
from outside increasingly meet the temperate zone’s need for
forest products—although it is not clear if this assumption can
be met given production projections in other zones.

Boreal forests are likely to undergo irregular and large-scale loss-
es of living trees because of the impacts of projected rapid climate
change. Such losses could initially generate additional wood sup-
ply from salvage harvests, but could severely reduce standing
stocks and wood-product availability over the long term. The
exact timing and extent of this pattern is uncertain. Current and
future needs for boreal forest products are largely determined out-
side the zone by importers; future requirements for forest prod-
ucts may exceed the availability of boreal industrial roundwood
during the 21st century, given the projections for temperate- and
tropical-zone forest standing stocks and requirements.

Effective options for adapting to and ameliorating potential
global wood supply shortages include the following:

• In the tropics, the greatest progress may result from
developing practices and policies that reduce social
pressures driving land conversion (e.g., by increasing
crop and livestock productivity) and by developing
large plantations.

• In temperate areas, application of modern forestry
practices to reduce harvest damage to ecosystems,
combined with the substitution of nontimber prod-
ucts, could reduce significantly the effect of climate
on wood availability.

• In boreal regions, adaptation to potential climate-
induced, large-scale disturbances—such as by rapid
reforestation with warmth-adapted seeds—appears to

be most useful. Increased prices for forestry products
seem certain to lead to adaptation measures that will
reduce demand, increase harvest intensity, and make
tree plantations more economically feasible.

3.5.3. Fisheries

Climate-change effects will interact with other stresses on fish-
eries, including pervasive overfishing, diminishing nursery
areas, and extensive inshore and coastal pollution. Overfishing
stresses fisheries more than climate change today, but if fish-
eries management improves and climate changes develop
according to IPCC scenarios, climate change may become the
dominant factor by the last half of the next century. 

Although marine fisheries production will remain about the
same globally, projections indicate that higher latitude fresh-
water and aquaculture production will increase. This assumes,
however, that natural climate variability and the structure and
strength of ocean currents remains unchanged. Alterations in
either would have significant impacts on the distribution of
major fish stocks, rather than on global production. Positive
effects (e.g., longer growing seasons, lower natural winter
mortality, and faster growth rates in higher latitudes) may be
offset by negative factors such as changes in established repro-
ductive patterns, migration routes, and ecosystem relation-
ships. Climate change can be expected to have the greatest
impact on the following (in decreasing order): (i) freshwater
fisheries in small rivers and lakes in regions with larger tem-
perature and precipitation change; (ii) fisheries within exclu-
sive economic zones, particularly where access regulations
artificially reduce the mobility of fisher groups and fishing
fleets, thus their capacity to adjust to fluctuations in stock dis-
tribution and abundance; (iii) fisheries in large rivers and lakes;
(iv) fisheries in estuaries, particularly where there are species
without migration or spawn dispersal paths, or estuaries affect-
ed by sea-level rise or decreased river flow; and (v) high-seas
fisheries. Where rapid change occurs due to physical forcing
(e.g., changes in currents and natural variability), production
will usually favor smaller, low-priced, opportunistic species
that discharge large numbers of eggs over long periods. Loss of
coastal wetlands could cause a loss of nurseries and have sig-
nificant adverse effects on fisheries.

If institutional mechanisms do not enable fishers to move
across national boundaries, some national fish industries may
suffer negative effects. Subsistence and other small-scale fish-
ers, often the most dependent on specific fisheries, will suffer
disproportionately from changes. Several adaptation options
exist. These include improved management systems, ecologi-
cal and institutional research, and expansion of aquaculture.

3.6. Human Infrastructure

Human infrastructure, a key determinant of a region’s produc-
tivity and development, includes all varieties of human-made
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capital and assets—residential and commercial properties, trans-
portation facilities, industries and manufactured goods, coastal
embankments, and equipment for energy production and distrib-
ution. Human infrastructure and socioeconomic systems—
including industry, energy, and transportation—may be affected
directly through changes in temperature, precipitation, sea level,
or increased frequency or intensity of extreme events that can
damage exposed infrastructure or affect outputs. Due to the inter-
connectedness of economic activity, many of the influences of
climate change on industry, energy, and transportation are expect-
ed to be indirect and transmitted by changes in markets sensitive
to climate (e.g., energy demand for space heating and cooling) or
changes in resources sensitive to climate (e.g., agroindustries and
biomass production). Human migration in response to chronic
crop failures, regional flooding, or drought may create additional
pressure on human infrastructures. These indirect impacts are dif-
ficult to quantify or value in monetary terms.

In many sectors, the effects of climate change will amount to
less than those resulting from changes in demography, technol-
ogy, and markets. Yet unexpected changes in climate could
occur and much capital is invested in locations that could be
affected by such changes. Relocating or defending this infra-
structure could require costly actions and a high degree of fore-
sight and coordination.

3.6.1. Industry, Energy, and Transportation

In general, the climate sensitivity of most activities in these
sectors is relatively low compared to that of agriculture or nat-
ural ecosystems. Certain activities, however, display a greater
degree of climate sensitivity than do industry, energy, and
transportation as a whole. Subsectors and activities most sensi-
tive to climate change include agroindustry, production of
renewable energy such as hydroelectricity and biomass, energy
demand, construction, some transportation activities, existing
flood mitigation structures, and transportation infrastructure
located in many areas, including vulnerable coastal zones and
permafrost regions.

In the energy sector, the consequences for hydroelectric power
generation will depend upon changes in the balance between
the amount and timing of precipitation and evaporation.
Increased scarcity of fuelwood in dry and densely populated
regions could exacerbate problems caused by deforestation.
Peak winter demand for primary energy is projected to
decrease due to a reduction in space-heating needs; peak sum-
mer demand for electricity may increase with greater cooling
requirements in some regions. ‘The net effects of these changes
in energy demand will be regionally dependent. There is low
confidence in estimates of these net effects.

In contrast to research on mitigation options, relatively few
studies exist on climate change impacts on and adaptation
options for the industry, energy, and transportation sectors.
This situation reflects a perception of low vulnerability to cli-
mate change for these sectors.

3.6.2. Coastal Zones/Small Islands

Many coastal zones and small islands are particularly vulnera-
ble to direct effects of climate change and sea-level rise.
Present estimates of global sea-level rise represent a rate two to
five times that experienced during the last 100 years. Recent
scientific findings indicate that sea-level rise may deviate from
the global average by a factor of two or more due to regional
differences in ocean salinity and temperature change.

Sea-level rise can have negative impacts on tourism, fresh-
water supplies, fisheries, exposed infrastructure, agricultural
and dry lands, and wetlands. Impacts may vary across regions;
societal costs will greatly depend upon the vulnerability of the
coastal system and a country’s economic situation.

Climate change clearly will increase the vulnerability of some
coastal populations to flooding and erosional land loss.
Estimates put about 46 million people per year currently at risk
of flooding due to storm surges. This estimate results from
multiplying the total number of people currently living in areas
potentially affected by ocean flooding by the probability of
flooding at these locations in any year, given the present pro-
tection levels and population density. In the absence of adapta-
tion measures, a 50-cm sea-level rise would increase this num-
ber to about 92 million; a 1-m sea-level rise would raise it to
118 million. If one incorporates anticipated population growth,
the estimates increase substantially. Some small island nations
and other countries will confront greater vulnerability because
their existing sea and coastal defense systems are less well-
established. Countries with higher population densities would
be more vulnerable. For these countries, sea-level rise could
force internal or international migration of populations.

A number of studies have evaluated sensitivity to a 1-m sea-level
rise. This increase is at the top of the range of IPCC Working
Group I estimates for 2100; it should be noted, however, that sea
level is actually projected to continue to rise in future centuries
beyond 2100. Studies using this 1-m projection show a particu-
lar risk for small islands and deltas. Given the present state of
protection systems, estimated land losses range from 0.05% for
Uruguay, 1% for Egypt, 6% for the Netherlands, and 17.5% for
Bangladesh up to about 80% for the Majuro Atoll in the Marshall
Islands. Large numbers of people are also affected—for exam-
ple, about 70 million each in China and Bangladesh. Many
nations face lost capital value in excess of 10% of GDP.
Although annual adaptation/protection costs for many nations
are relatively modest (about 0.1% of GDP), the average annual
costs to many small island states total several percent of GDP.
For some island nations, the high cost of providing storm-surge
protection would make it essentially infeasible, especially given
the limited availability of capital for investment.

3.6.3. Human Settlements

Projected climate change will affect human settlements in the
context of changes such as population growth, migration, and

Technical Summary: Impacts, Adaptations, and Mitigation Options36



industrialization. Settlements where these forces already stress
the infrastructure are most vulnerable. Besides coastal commu-
nities and those dependent on subsistence, rain-fed agriculture,
or commercial fishing, vulnerable settlements include large
primary coastal cities and squatter settlements located in flood
plains and steep hillsides. Many of the expected impacts in the
developing world could occur because climate change may
reduce natural resource productivity in rural areas, thus may
generally accelerate rural-to-urban migration. Direct impacts
on infrastructure would most likely occur as a result of changes
in the frequency and intensity of extreme events. These include
coastal storm surges, floods and landslides induced by local
downpours, windstorms, rapid snowmelt, tropical cyclones and
hurricanes, and forest and brush fires made possible in part by
more intense or lengthier droughts.

3.6.4. Insurance and Financial Services

Within the financial services sector, property insurance stands
most vulnerable to direct climatic influence. A higher risk of
extreme events due to climate change could lead to higher
insurance premiums or the withdrawal of coverage for proper-
ty in some vulnerable areas. Changes in climate variability and
the risk for extreme events may be difficult to detect or predict,
thus making it difficult for insurance companies to adjust pre-
miums appropriately. If such difficulty leads to insolvency,
companies may not be able to honor insurance contracts, which
could economically weaken other sectors such as banking. The
insurance industry currently is under stress from a series of
“billion dollar” storms since 1987 (see Table 3), resulting in
dramatic increases in losses, reduced availability of insurance,
and higher premiums. Some in the insurance industry perceive
a current trend toward increased frequency and severity of
extreme climate events. Examination of the meteorological
data fails to support this perception in the context of a long-
term change, although a shift within the limits of natural vari-
ability may have occurred. Higher losses strongly reflect
increases in infrastructure and economic worth in vulnerable

areas, as well as a possible shift in the intensity and frequency
of extreme weather events.

Withdrawal of insurance would increase direct financial losses
to property owners and businesses unable to obtain insurance,
with serious long-term implications for societies and govern-
ments. The implications of climate change for financial ser-
vices outside of property insurance appear less clear; these sec-
tors generally have not acknowledged the potential for such
impacts. Adaptation may prove difficult, given the long-term
nature of many investors’ financial commitments.

3.6.5. Adaptation Options for Human Infrastructure

Because the life cycles of planning and investment for much
human infrastructure are shorter than those associated with cli-
mate change, adaptation could occur through management and
the normal replacement of capital in many sectors, as long as
climate change happens gradually. This, however, depends on
people and organizations becoming adequately informed about
potential impacts and having the financial, technical, and insti-
tutional capacity to respond. In the more sensitive sectors,
adaptation may need the support of policy measures.
Incorporating potential climate and sea-level changes in plan-
ning would reduce future risks to human infrastructure.
Climate changes, however, could occur suddenly. Uncertainty
about the rate and effects of climate change makes some
investment decisions difficult. This holds particularly true for
planning and investments for infrastructure such as channels,
water supply systems, and coastal or river-flooding defenses,
which can have lifetimes as long as 100 years.

Many developing countries currently depend on a limited num-
ber of crops or on fishing—hence are economically vulnerable
to climate change that harms agroindustry. For these countries
in particular, diversifying economic activity—coupled with
improved management practices such as integrated coastal-
zone management and land-use regulation—could constitute
an important precautionary response and facilitate successful
adaptation to climate change (e.g., by directing populations
away from vulnerable locations).

Implementing adaptation measures and integrated manage-
ment practices requires overcoming constraints that include
(but are not limited to) technology and human resource capa-
bility; financial limitations; cultural and social acceptability;
and political, legal, and other institutional bottlenecks. The lit-
erature remains scarce on adaptation; dealing effectively with
the issue requires additional research and new methods of risk
and probability assessment.

3.7. Human Health

Climate changes and their effects on food security, water sup-
ply and quality, and the distribution of ecological systems
may have wide-ranging and potentially adverse effects on
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Table 3:  “Billion dollar” storms.

Insured
Year Event Cost ($B)

1987 “Hurricane” in SE England/NW France 2.5
1988 Hurricane Gilbert in Jamaica/Mexico 0.8
1989 Hurricane Hugo in Puerto Rico/S. Carolina 5.8
1990 European Storms—Four 10.4
1991 Typhoon Mireille in Japan 4.8
1992 Hurricane Andrew in Florida 16.5
1993 “Storm of the Century” in Eastern USA 1.7
1995 Hailstorms in Texas 1.1
1995 Hurricane Opal in Southern USA 2.1

Sources:  Munich Re, 1990; Leggett, 1994; PCS, 1995 (see
Chapter 17 for complete citations).



human health, via both direct and indirect pathways (see
Figure 5); it is likely that the indirect impacts would, in the
longer term, predominate. Quantifying the potential health
impacts of climate change remains difficult. For many
effects, forecasting techniques—especially modeling—are
just being developed. Furthermore, the extent of climate-
induced health disorders depends on numerous coexistent and
interacting factors that characterize the vulnerability of the
particular population. These include environmental circum-
stances (such as water purity) and socioeconomic factors
(such as nutritional and immune status, population density,
and access to health care).

Direct health effects include increases in heat-related (predom-
inantly cardiorespiratory) mortality and illness resulting from
an anticipated increase in the intensity and duration of heat
waves. Studies in selected cities in North America, North
Africa, and East Asia indicate that the annual numbers of heat-
related deaths would increase several-fold in response to cli-
mate-change projections. Temperature increases in colder
regions should result in fewer cold-related deaths.

The incidence of deaths, injuries, psychological disorders, and
exposure to chemical pollutants in water supplies would

increase if extreme weather events (e.g., droughts and floods)
were to become more frequent.

Indirect effects include increases in the potential transmission of
vector-borne infectious diseases (e.g., malaria, dengue, Chagas’
disease, yellow fever, and some viral encephalitis) caused by
extensions of the ranges and seasons of vector organisms.
Climate change also would accelerate the maturation of certain
infectious parasites (e.g., the malaria organism). Currently,
approximately 350 million cases of malaria occur annually,
resulting in 2 million deaths. Using first-generation mathemati-
cal models, scientists recently forecast the impact of changes in
basic climate variables on the global/regional pattern of potential
malaria transmission. Approximately 45% of the world’s popu-
lation presently lives in the climate zone where mosquitoes
transmit malaria. Projections by models (that entail necessary
simplifying assumptions) indicate that the geographical zone of
potential malaria transmission in response to world temperature
increases at the upper part of the IPCC-projected range (3–5°C
by 2100) would increase to approximately  60% by the latter half
of the next century. This possible extension in potential trans-
mission area would encroach most on temperate regions.
However, actual climate-related increases in malaria incidence
(50 to 80 million additional annual cases) would occur primari-

ly in tropical, subtropical, and less
well-protected temperate-zone popu-
lations currently at the margins of
endemically infected areas.

Some increases in non-vector-borne
infectious diseases—such as salmo-
nellosis, cholera, and other food-
and water-related infections could
occur—particularly in tropical and
subtropical regions because of cli-
matic impacts on water distribution,
temperature, and microorganism
proliferation. 

Other likely indirect effects include
increases in asthma, allergic disor-
ders, cardiorespiratory diseases, and
associated deaths. These might
result from climate-induced
changes in pollens and spores, and
from temperature increases that
enhance the formation, persistence,
and respiratory impact of certain air
pollutants. Exposure to air pollution
and stressful weather events com-
bine to increase the likelihood of
morbidity and mortality.

Though still uncertain, the regional
effects of climate change upon agri-
cultural, animal, and fisheries pro-
ductivity could increase the local
prevalence of hunger, malnutrition,
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Mediating Process Health Outcomes

Exposure to thermal extremes
(especially heatwaves)

Altered frequency and/or intensity
of other extreme weather events
(floods, storms, etc.)

DISTURBANCES OF
ECOLOGICAL SYSTEMS

Altered rates of heat- and cold-related
illness and death (especially
cardiovascular and respiratory diseases)

Deaths, injuries, and psychological
disorders; damage to public health
infrastructure

CLIMATE
CHANGE:
TEMPERATURE,
PRECIPITATION,
AND WEATHER INDIRECT

DIRECT

Altered local ecology of water-borne
and food-borne infective agents

Changed incidence of diarrheal and
certain other infectious diseases

Effects on range and activity of vectors
and infective parasites

Changes in geographic ranges and
incidence of vector-borne diseases

Altered food (especially crop)
productivity due to changes in climate,
weather events, and associated pests
and diseases

Regional malnutrition and hunger, and
consequent impairment of child growth
and development

Social, economic, and demographic
dislocations due to adverse climate
change impacts on economy,
infrastructure, and resource supply

Wide range of public health
consequences (e.g., mental health,
nutritional impairment, infectious
diseases, civil strife)

Levels and biological impacts of air
pollution, including pollens and spores

Asthma and allergic disorders; other
acute and chronic respiratory disorders
and deaths

Sea-level rise, with population
displacement and damage to
infrastructure (e.g., sanitation)

Injuries, increased risks of various
infectious disease (due to migration,
crowding, contamination of drinking
water), psychological disorders

Note:  Populations with different levels of natural, technical, and social resources would differ
in their vulnerability to climate-induced health impacts.

Figure 5: Ways in which climate change can affect human health.



and their long-term health impairments, especially in children.
Limitations on freshwater supplies also will have human health
consequences. A range of adverse public health effects would
result from physical and demographic disruptions due to sea-
level rise.

Various technological, organizational, and behavioral adapta-
tions would lessen these adverse effects. These include protec-
tive technology (e.g., housing, air conditioning, water purifica-
tion, and vaccination), disaster preparedness, and appropriate
health care. However, the tropical and subtropical countries at
highest risk from many of these impacts may still lack ade-
quate resources for adaptation.

4. Options to Reduce Emissions and Enhance Sinks of
Greenhouse Gases:  Mitigation

4.1. Common Themes and Conclusions

Significant reductions in net greenhouse gas emissions are techni-
cally possible and can be economically feasible. These reductions
can be achieved by employing an extensive array of technologies
and policy measures that accelerate technology development, dif-
fusion, and transfer in all sectors, including the energy, industry,
transportation, residential/commercial, and agricultural/forestry
sectors. By the year 2100, the world’s commercial energy system
in effect will be replaced at least twice, offering opportunities to
change the energy system without premature retirement of capital
stock; significant amounts of capital stock in the industrial, com-
mercial, residential, and agricultural/forestry sectors also will be
replaced. These cycles of capital replacement provide opportuni-
ties to use new, better performing technologies. It should be noted
that the analyses of Working Group II do not attempt to quantify
potential macroeconomic consequences that may be associated
with mitigation measures. Discussion of macroeconomic analyses
is found in the contribution of IPCC Working Group III to the
Second Assessment Report. The degree to which technical poten-
tial and cost-effectiveness are realized is dependent on initiatives
to counter lack of information and overcome cultural, institution-
al, legal, financial, and economic barriers that can hinder diffusion
of technology or behavioral changes. The pursuit of mitigation
options can be carried out within the limits of sustainable devel-
opment criteria. Social and environmental criteria not related to
greenhouse gas emissions abatement could, however, restrict the
ultimate potential of each of the options.

• Numerous technology options are available for
reducing emissions and enhancing sinks. Promising
technologies and measures follow:
– Energy demand. The technical potential for best

practice energy technologies to improve energy
efficiency relative to present average practice is
large; 10–30% efficiency gains at little or no cost
in many parts of the world, through conservation
measures and improved management practices,
and 50–60% is possible, provided that relevant
technologies and financing are available.

– Industry. Short-term emissions reductions of
about 25% can be obtained in industrialized
nations by improving efficiency, recycling materi-
als, and implementing “industrial ecology” prac-
tices that use less energy and fewer materials.

– Transportation. Emissions reductions of up to
40% by 2025 could be achieved by changing
vehicle engineering to use more efficient drive
trains and materials; reducing the size of vehi-
cles; switching to alternative fuels; reducing the
level of passenger and freight transport activity
by altering land-use patterns, transport systems,
mobility patterns, and lifestyles; and shifting to
less energy-intensive transportation modes.

– Commercial/residential sector. Cuts of 50% in
the projected growth in emissions over the next
35 years—and deeper cuts in the longer term—
could be achieved by more efficient lighting,
appliances, and space-conditioning systems;
reduced heat transfers through walls, ceilings,
and windows; and modern control systems such
as automatic sensors.

– Energy supply. Options include more efficient con-
version of fossil fuels (from the present world aver-
age for electric power generation of about 30% to
more than 60% in the longer term); switching from
high- to low-carbon fossil fuels (coal to oil to gas);
decarbonization of flue gases and fuels, coupled
with CO2 storage; increasing the use of nuclear
energy; and increased use of modern renewable
sources of energy (e.g., biomass for production of
electricity and liquid/gaseous fuels, wind, and
solar). In the longer term, renewable sources of
energy could meet the major part of the world’s
demand for energy as technological advances offer
new opportunities and declining costs.

– Land management. A number of measures could
conserve and sequester substantial amounts of
carbon (approximately 60–90 Gt C in the forestry
sector alone) over the next 50 years, including
slowing deforestation, enhancing natural forest
generation, establishing tree plantations, and pro-
moting agroforestry. Significant additional
amounts could be sequestered by altering man-
agement of agricultural soils and rangelands, and
by restoring degraded agricultural lands and
rangelands. Other practices, such as improving
efficiency of fertilizer use or the diet of domesti-
cated ruminants, could reduce emissions of other
greenhouse gases such as CH4 and N2O.

• Policies can accelerate reductions in greenhouse
gas emissions. Governments can choose policies that
facilitate the penetration of less carbon-intensive tech-
nologies and modified consumption patterns. Indeed,
many countries have extensive experience with a vari-
ety of policies that can accelerate the adoption of such
technologies. This experience comes from efforts over
the past 20 to 30 years to achieve improved energy
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efficiency, reduce the environmental impacts of agricul-
tural policies, and meet conservation and environmental
goals unrelated to climate change. Many of these poli-
cies appear potentially useful for reducing greenhouse
gas emissions. They include energy pricing strategies;
changes in agricultural subsidies; provisions for accel-
erated depreciation and reduced costs for the consumer;
tradable emissions permits; negotiated agreements with
industry; utility demand-side management programs;
regulatory programs, including minimum energy-effi-
ciency standards; market pull and demonstration pro-
grams that stimulate the development and application of
advanced technologies; and product labeling. The opti-
mum mix of policies will vary from country to country;
each nation needs to tailor its policies for local situa-
tions and develop them through consultation with those
affected. Analysis of the historical experience of differ-
ent countries with various policy instruments can pro-
vide guidance on their strengths and weaknesses.

• Success is most likely if there are multiple bene-
fits. Actions to reduce greenhouse gas emissions
appear more easily implemented when they are
designed to address other concerns that impede sus-
tainable development (e.g., air pollution, traffic con-
gestion, soil erosion).

• Commitment to further research is essential.
Developing technologies that will reduce greenhouse
gas emissions and enhance greenhouse gas sinks—as
well as understanding the barriers that inhibit their
diffusion into the marketplace—requires a continuing
commitment to research.

4.2. Energy, Industrial Process,

and Human Settlement Emissions

The production, conversion, and end-use of fossil fuel energy
results in significant atmospheric releases of greenhouse gases—
in particular, CO2 and CH4. In the published literature, different
methods and conventions are used to characterize energy con-
sumption. These conventions differ, for example, according to
their definition of sectors and their treatment of energy forms.
Based on aggregated national energy balances, 385 EJ of prima-
ry energy was consumed in the world in 1990, resulting in the
release of 6 Gt C as CO2. Of this, 279 EJ was delivered to end
users, accounting for 3.7 Gt of carbon emissions as CO2 at the
point of consumption. The remaining 106 EJ was used in energy
conversion and distribution, accounting for 2.3 Gt C emissions
as CO2. In 1990, the three largest sectors of energy consumption
were industry (45% of total CO2 releases), residential/commercial
(29%), and transport (21%). Of these, transport sector energy
use and related CO2 emissions have been the most rapidly grow-
ing over the past 2 decades. The combustion of fossil fuels ranks
as the primary human-generated source of SO2 (the sulfate
aerosol precursor), as well as other air pollutants.

Global energy demand has grown at an average annual rate of
approximately 2% for almost 2 centuries, although energy

demand growth varies considerably over time and between dif-
ferent regions. During that time, the mix of fuels has changed
dramatically (see Figure 6). Figure 7 depicts total energy-relat-
ed emissions by major world region. The Organisation for
Economic Cooperation and Development (OECD) nations
have been and remain major energy users and fossil fuel CO2

emitters, although their share of global fossil fuel carbon emis-
sions has been declining. The contribution to global fossil fuel
carbon emissions by the former Soviet Union and Eastern
Europe (FSU/EE) has grown, although recent economic
restructuring has reduced emissions. The diverse developing
nations, taken as a group, still account for a smaller fraction of
total global CO2 emissions than industrialized nations (OECD
and FSU/EE) due to their lower per capita emission rates (see
Figure 8). Most projections indicate that with forecast rates of
population and economic growth, the developing world will
increase its share of CO2 emissions as its standard of living
increases and as population grows.

Oil and gas reserves worldwide contain approximately 200 Gt
C and coal reserves about 600 Gt C. Estimates place remaining,
ultimately recoverable, fossil fuel resources at some 4,000 Gt C,
roughly three-quarters of it in coal and the rest in conventional
and unconventional oil and gas. Atmospheric content totaled
about 750 Gt C in 1990. Exhaustion of fossil resources there-
fore offers no near-term physical-barrier solution to the emis-
sions of energy-related CO2. The carbon-to-energy intensity
ratio of different fossil fuels varies by a factor of almost two:
Coal contains 25 Mt C/EJ; oil, 20 Mt C/EJ; and natural gas, 15
Mt C/EJ.Renewable energy sources are sufficiently abundant
that they potentially could provide all of the world’s energy
needs foreseen over the next century. However, economics,
technology development, and other practical constraints limit
the rate at which the use of renewable energy can expand.

The prices of fuels and electricity influence energy use and fuel
choice in all sectors. In many instances, prices do not reflect
the full social costs of providing energy; subsidies and other

Technical Summary: Impacts, Adaptations, and Mitigation Options40

0

20

40

60

80

100

120

140

1860 1880 1900 1920 1940 1960 1980

E
J/

yr

Wood
Hydro

Gas

Crude oil*

Oil

Coal

*
Includes non-energy feedstocks

Year

Nuclear

Figure 6: Global primary energy consumption by source, and total

in EJ/yr (data for crude oil include non-energy feedstocks).

Sources: BP, various volumes; IEA, 1993; Marchetti and

Nakicenovic, 1979 (see the Energy Primer for complete citations).



interventions restrict the choices made by energy suppliers and
users.Price rationalization, voluntary agreements, regulations,
and information programs have successfully helped to acceler-
ate the use of more energy-efficient technologies and practices
in various areas of end-use, especially in the residential and
transport sectors. These measures—when implemented as part
of the normal replacement cycles of the world’s energy supply
infrastructure and energy-use equipment—offer the greatest
potential to change the technology and systems now used.

4.2.1. Energy Demand

Numerous studies have indicated that 10–30% energy efficien-
cy gains above present levels are feasible at little or no net cost
in many parts of the world through technical conservation mea-
sures and improved management practices over the next 2 to 3
decades. Using technologies that presently yield the highest
output of energy services for a given input of energy, efficien-
cy gains of 50–60% would be technically feasible in many
countries over the same time period. Achieving these potentials
will depend on future cost reductions, financing, and technolo-
gy transfer, as well as measures to overcome a variety of non-
technical barriers. The potential for greenhouse gas emission

reductions exceeds the potential for energy use efficiency
because of the possibility of switching fuels and energy sources.
Because energy use is growing world-wide, even replacing cur-
rent technology with more-efficient technology could still lead
to an absolute increase in CO2 emissions in the future.

In 1992, the IPCC produced six scenarios (IS92a-f) of future
energy use and associated greenhouse gas emissions. These
scenarios provide a wide range of possible future greenhouse
gas emission levels, without mitigation measures. In the
Second Assessment Report, future energy use has been reex-
amined on a more detailed sectoral basis, both with and with-
out new mitigation measures, based on existing studies.
Despite different assessment approaches, the resulting ranges
of energy consumption increases to 2025 without new mea-
sures are broadly consistent with those of IS92. If past trends
continue, greenhouse gas emissions will grow more slowly
than energy use, except in the transport sector.

The following paragraphs summarize energy efficiency
improvement potentials estimated in the IPCC Second
Assessment Report. Strong policy measures would be required
to achieve these potentials. Energy-related greenhouse gas
emission reductions depend on the source of the energy, but
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reductions in energy use will, in general, lead to reduced green-
house gas emissions.

4.2.1.1. Emissions mitigation in industry

Energy use in 1990 is estimated to be 98–117 EJ, and is pro-
jected to grow to 140–242 EJ in 2025 without new measures.
Developing countries now account for only about one-quarter
of global industrial final energy use, but projections put their
share of industrial energy demand growth over the next centu-
ry at more than 90%.

A few basic processes, including the production of iron and
steel, chemicals, building materials, and food, account for
more than half of all energy use in the industrial sector.
Industry has reduced energy intensity impressively over the
past 2 decades. In some countries, improvements in energy
efficiency have permitted major increases in production with
little or no increase in energy use. In contrast to the industrial
emissions of developing countries, which continue to increase
as their economies grow, developed countries’ industrial-sector
emissions have stabilized or declined during the past 2
decades. Even the former Soviet Union’s industrial emissions
have remained stable for a decade. These changes have

occurred without any climate policies in place and essentially
have arisen from a combination of economic restructuring,
shedding of some energy-intensive industries, and gains in the
energy efficiency of industrial processes. These developments
have combined to decrease overall primary energy intensity
(see Figure 9), resulting in stabilized or decreased CO2 emis-
sions in many industrialized countries (see Figure 10). Because
each nation has a unique set of resources, labor, and capital that
will influence its development path, this historical perspective
does not suggest a particular outcome for developing countries.
It does imply that the relationship between CO2 emissions and
GDP is unlikely to retain its present course, given the techno-
logical opportunities currently available.

Opportunities now exist to use advanced technologies to
reduce emissions significantly in each of the major energy-
consuming industries. The short-term potential for energy-
efficiency improvements in the manufacturing sector of major
industrial nations is around 25%. The potential for greenhouse
gas emission reductions is larger. The application of available,
highly efficient technologies and practices could significantly
reduce industrial energy demand growth.

Efficient use of materials can lower industrial greenhouse
gas emissions, and recycling materials can reduce energy
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requirements and energy-related emissions substantially (see
Figure 11). Recycling iron and steel scrap, for example, could
cut the energy required per ton of steel produced to half the
current level even in Japan, the world’s most efficient steel-
producing nation. Not all steel scrap is recyclable, however, so
recycling provides no panacea. Using less energy-intensive
materials offers another option—for example, substituting
wood for concrete and other materials as possible.

Some technologies—such as electric motor drives, heating,
and evaporation—are used across many industries, thus offer-
ing large opportunities for energy savings. Electric motor dri-
ves, for example, use more than half of all electricity in the
industrial sector in many developing countries, including
China and Brazil. Investments in motor-speed controls and
more efficient motor components can reduce electricity use in

industrial motor applications, with an internal rate of return on
investment of 30 to 50%.

Integrating industrial and residential-commercial energy use
by establishing energy-management systems that utilize an
“energy cascade” presents promising opportunities for
increased efficiency—especially in newly industrialized
nations, where a systematic approach to efficiency improve-
ments is particularly important. An energy cascade uses suc-
cessively lower temperature industrial waste heat in a variety
of other industrial, residential, and commercial district heating
and cooling applications.

Limiting industrial emissions of CO2 and other greenhouse
gases, such as halocarbons, CH4, and N2O associated with
industrial processes, can also play an important role.
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Identifying all the benefits, costs, and potentials for reducing
both process and energy greenhouse gases in the industrial sec-
tor requires an examination of all aspects of resource use.
Developing the capability to carry out full “industrial ecology”
analyses represents a major research need.

Implementing more energy-efficient industrial technologies
will depend on many factors. Chief among them are financing,
energy and materials pricing, market imperfections, research
and development, and the extent to which technology transfer
occurs from developed countries to developing nations and
those with economies in transition.

4.2.1.2. Emissions mitigation in transportation

Transport energy use in 1990 is estimated to be 61–65 EJ, and
is projected to grow to 90–140 EJ in 2025 without new mea-
sures (see Figure 12). Energy use by cars, aircraft, and heavy
trucks is growing particularly rapidly. Although industrialized
countries account for about 75% of current energy use and
greenhouse gas emissions from this sector, the greatest growth
is expected in developing countries and transition economies.
By 2025, these countries could generate the majority of trans-
port-related emissions.

Transportation energy demand historically has been linked
closely to GDP growth, although there is also a strong negative
correlation with fuel prices (see Figures 13 and 14). However,
projected energy use in 2025 could be reduced by about a third
to 60–100 EJ through vehicles using very efficient drive-trains,
light-weight construction and low-air-resistance design, without
compromising comfort and performance. Further energy-use
reductions are possible through the use of smaller vehicles;
altered land-use patterns, transport systems, mobility patterns,
and lifestyles; and shifting to less energy-intensive transport
modes. Greenhouse gas emissions per unit of energy used could
be reduced through the use of alternative fuels and electricity
from renewable sources. These measures, taken together, pro-
vide the opportunity for reducing global transport emissions by
as much as 40% of projected emissions by 2025. Actions to
reduce greenhouse gas emissions from transport can simultane-
ously address other problems, such as local air pollution.

Realizing these opportunities seems unlikely, however, without
new policies and measures in many countries. We have learned
much already about the effective use of policies, such as fuel
and vehicle taxes and fuel-economy standards, to encourage
energy-efficiency improvements. Yet developing cheap, light-
weight, recyclable materials and advanced propulsion and
vehicle-control systems will require continued research.
Policies that affect traffic volume also play an important role.
These include road tolls, restriction of car access and parking
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in town centers, and the provision of infrastructure for nonmo-
torized transport in town centers. Several cities in Latin
America, Southeast Asia, and Europe have succeeded in stem-
ming growth in car use by employing combined strategies.

Transport plays an increasingly important social and economic
role, and measures to reduce emissions may fail if people per-
ceive them as compromising this role. Success in reducing car-
bon emissions will require integrated approaches and probably
will depend on simultaneously addressing other problems such
as congestion and air pollution [including emissions of partic-
ulates, and of nitrogen oxides (NOx) and volatile organic com-
pounds (VOCs) that are precursors to tropospheric ozone].

4.2.1.3. Emissions mitigation in the

commercial/residential sector

Activities in this sector currently account for just over 40% of
energy use. Figure 15 shows historical carbon emissions from
the developing world, industrialized countries, and the FSU/EE
resulting from energy use in the residential and commercial
sectors in 1973, 1983, and 1990. Energy use in 1990 is esti-
mated to be 100 EJ, and is projected to grow to 165–205 EJ in
2025 without new measures. Although industrialized countries
currently release about 60% of associated emissions, develop-
ing countries and the FSU/EE could account for 80% of all
growth in building emissions during the next century. 

Projected energy use could be reduced by about a quarter to
126–170 EJ by 2025 without diminishing services through the use
of energy efficient technology. The potential for greenhouse gas
emission reductions is larger. Technical changes might include

more efficient space-conditioning and water-supply systems;
reducing heat losses through building structures; more efficient
lighting; more efficient appliances; and more efficient computers
and supporting equipment. In addition, measures to counter trends
toward higher ambient temperatures in urban areas (through
increased vegetation, greater reflectivity of roofing and siding
materials, and better architectural design) can yield significant
reductions in the energy required for heating and air conditioning.

This assessment suggests that three types of activities could
significantly reduce the growth of building-related emissions:

• Support for energy-efficiency policies, including pric-
ing strategies; individual, meter-based billing for
energy use in multiple-family dwellings; regulatory
programs including minimum energy-efficiency stan-
dards for buildings and appliances; utility demand-
side management programs; and market pull and
demonstration programs that stimulate the develop-
ment and application of advanced technologies

• Enhanced research and development in energy efficiency
• Enhanced training and added support for financing

efficiency programs in all countries, but especially in
developing countries and transition economies.

Many energy-efficiency policies, information/education mea-
sures, and research and development programs—carried out
primarily in industrialized countries—have achieved significant
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reductions in energy use. Although the technical and economic
potential for further efficiency improvements is high, effective
implementation requires well-designed combinations of finan-
cial incentives and other government policies. Strategies to
reduce emissions likely will prove more effective if they use
well-integrated mixes of policies, tailored for local situations
and developed through consultation with and participation by
those most affected.

4.2.2. Mitigating Industrial Process and Human

Settlement Emissions

Process-related greenhouse gases—including CO2, CH4, N2O,
halocarbons, and SF6—are released during manufacturing and
industrial processes, such as the production of iron, steel, alu-
minium, ammonia, cement, and other materials. Large reduc-
tions are possible in some cases. Measures include modifying
production processes, eliminating solvents, replacing feed-
stocks or materials substitution, increased recycling, and
reduced consumption of greenhouse gas-intensive materials.
Capturing and utilizing CH4 from landfills and sewage treat-
ment facilities, and lowering the leakage rate of halocarbon
refrigerants from mobile and stationary sources can also lead to
significant greenhouse gas emission reductions.

4.2.3. Energy Supply

This assessment focuses on new technologies for capital
investment and not on potential retrofitting of existing capital

stock to use less carbon-intensive forms of primary energy. It
is technically possible to realize deep emissions reductions in
the energy supply sector in step with the normal timing of
investments to replace infrastructure and equipment as it wears
out or becomes obsolete. Many options for achieving deep
reductions will also decrease the emissions of SO2, NOx, and
VOCs. Promising approaches, not ordered according to priori-
ty, include the following:

• Greenhouse gas reductions in the use of fossil fuels
– More-efficient conversion of fossil fuels. New

technology offers considerably increased conver-
sion efficiencies. For example, the efficiency of
power production can be increased from the pre-
sent world average of about 30% to more than
60% in the longer term. Also, the use of com-
bined heat and power production replacing sepa-
rate production of power and heat—whether for
process heat or space heating—offers a signifi-
cant rise in fuel conversion efficiency.

– Switching to low-carbon fossil fuels and sup-

pressing emissions. Switching from coal to oil or
natural gas, and from oil to natural gas, can reduce
emissions. Natural gas has the lowest CO2 emis-
sions per unit of energy of all fossil fuels at about
14 kg C/GJ, compared to oil with about 20 kg
C/GJ, and coal with about 25 kg C/GJ. The lower
carbon-containing fuels can, in general, be con-
verted with higher efficiency than coal. Large
resources of natural gas exist in many areas. New,
low-capital-cost, highly efficient, combined-cycle
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technology has reduced electricity costs consider-
ably in some areas. Natural gas could potentially
replace oil in the transportation sector.
Approaches exist to reduce emissions of CH4

from natural gas pipelines and emissions of CH4

and/or CO2 from oil and gas wells and coal mines.
– Decarbonization of flue gases and fuels and CO2

storage. The removal and storage of CO2 from
fossil fuel power-station stack gases is feasible,
but reduces the conversion efficiency and signif-
icantly increases the production cost of electrici-
ty. Another approach to decarbonization uses fos-
sil fuel feedstocks to make hydrogen-rich fuels.
Both approaches generate a byproduct stream of
CO2 that could be stored, for example, in deplet-
ed natural gas fields. The future availability of
conversion technologies such as fuel cells that
can efficiently use hydrogen would increase the
relative attractiveness of the latter approach. For
some longer term CO2 storage options, cost, envi-
ronmental effects, and efficacy remain largely
unknown.

• Switching to non-fossil fuel sources of energy
– Switching to nuclear energy. Nuclear energy

could replace baseload fossil fuel electricity gen-
eration in many parts of the world if generally
acceptable responses can be found to concerns
such as reactor safety, radioactive-waste transport
and disposal, and nuclear proliferation.

– Switching to renewable sources of energy. Solar,
biomass, wind, hydro, and geothermal technologies
already are widely used. In 1990, renewable
sources of energy contributed about 20% of the
world’s primary energy consumption, most of it
fuelwood and hydropower. Technological
advances offer new opportunities and declining
costs for energy from these sources. In the longer
term, renewable sources of energy could meet a
major part of the world’s demand for energy. Power
systems can easily accommodate limited fractions
of intermittent generation and, with the addition of
fast-responding backup and storage units, also
higher fractions. Where biomass is sustainably
regrown and used to displace fossil fuels in energy
production, net carbon emissions are avoided as the
CO2 released in converting the biomass to energy is
again fixed in biomass through photosynthesis. If
the development of biomass energy can be carried
out in ways that effectively address concerns about
other environmental issues and competition with
other land uses, biomass could make major contri-
butions in both the electricity and fuels markets, as
well as offering prospects of increased rural
employment and income.

Future emissions will depend on the nature of the technologies
nations choose as they expand and replace existing energy
systems.

4.2.4. Integration of Energy System Mitigation Options

To assess the potential impact of combinations of individual
measures at the energy system level, in contrast to the level of
individual technologies, variants of a low CO2-emitting energy
supply system (LESS) are described. The LESS constructions
are “thought experiments,” exploring possible global energy
systems.

The following assumptions were made: World population
grows from 5.3 billion in 1990 to 9.5 billion by 2050 and 10.5
billion by 2100. GDP grows 7-fold by 2050 (5-fold and 14-fold
in industrialized and developing countries, respectively) and
25-fold by 2100 (13-fold and 70-fold in industrialized and
developing countries, respectively), relative to 1990. Because
of emphasis on energy efficiency, primary energy consumption
rises much more slowly than GDP. The energy supply con-
structions were made to meet energy demand in (i) projections
developed for the IPCC’s First Assessment Report in a low
energy demand variant, where global primary commercial ener-
gy use approximately doubles, with no net change for industri-
alized countries but a 4.4-fold increase for developing countries
from 1990 to 2100; and (ii) a higher energy demand variant,
developed in the IPCC IS92a scenario where energy demand
quadruples from 1990 to 2100. The energy demand levels of the
LESS constructions are consistent with the energy demand mit-
igation chapters of this Second Assessment Report.

Figure 16 shows combinations of different energy sources to
meet changing levels of demand over the next century. The
analysis of these variants leads to the following conclusions:

• Deep reductions of CO2 emissions from energy sup-
ply systems are technically possible within 50 to 100
years, using alternative strategies.

• Many combinations of the options identified in this
assessment could reduce global CO2 emissions from
fossil fuels from about 6 Gt C in 1990 to about 4 Gt C
per year by 2050, and to about 2 Gt C per year by
2100 (see Figure 17). Cumulative CO2 emissions,
from 1990 to 2100, would range from about 450 to
about 470 Gt C in the alternative LESS constructions.

• Higher energy efficiency is underscored for achieving
deep reductions in CO2 emissions, for increasing the
flexibility of supply-side combinations, and for reduc-
ing overall energy system costs.

• Interregional trade in energy grows in the LESS con-
structions compared to today’s levels, expanding sus-
tainable development options for Africa, Latin
America, and the Middle East during the next century.

Costs for energy services in each LESS variant relative to costs
for conventional energy depend on relative future energy
prices, which are uncertain within a wide range, and on the per-
formance and cost characteristics assumed for alternative tech-
nologies. However, within the wide range of future energy
prices, one or more of the variants would plausibly be capable
of providing the demanded energy services at estimated costs
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that are approximately the same as estimated future costs for
current conventional energy. It is not possible to identify a
least-cost future energy system for the longer term, as the rela-
tive costs of options depend on resource constraints and tech-
nological opportunities that are imperfectly known, and on
actions by governments and the private sector.

The literature provides strong support for the feasibility of
achieving the performance and cost characteristics assumed for
energy technologies in the LESS constructions, within the next
2 decades, though it is impossible to be certain until the
research and development is complete, and the technologies
have been tested in the market. Moreover, these performance
and cost characteristics cannot be achieved without a strong
and sustained investment in research, development, and
demonstration. Many of the technologies being developed

would need initial support to enter the market, and to reach suf-
ficient volume to lower costs to become competitive.

Market penetration and continued acceptability of different
energy technologies ultimately depends on their relative cost,
performance (including environmental performance), institu-
tional arrangements, and regulations and policies. Because
costs vary by location and application, the wide variety of cir-
cumstances creates initial opportunities for new technologies
to enter the market. Deeper understanding of the opportunities
for emissions reductions would require more detailed analysis
of options, taking into account local conditions.

Because of the large number of options, there is flexibility as to
how the energy supply system could evolve, and paths of ener-
gy system development could be influenced by considerations
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other than climate change, including political, environmental
(especially indoor and urban air pollution, acidification, and
land restoration) and socioeconomic circumstances.

4.3. Agriculture, Rangelands, and Forestry

Management of agricultural lands, rangelands, and forests can
play an important role in reducing current emissions and/or
enhancing the sinks of CO2, CH4, and N2O. Measures to reduce
emissions and sequester atmospheric carbon include slowing
deforestation, enhancing natural forest generation, establishing
tree plantations, promoting agroforestry, altering management
of agricultural soils and rangelands, restoring degraded agri-
cultural lands and rangelands, and improving the diet of rumi-
nants. Although these are demonstrated, effective measures, a
number of important uncertainties linger regarding their glob-
al potential to reduce emissions or sequester carbon. The net
amount of carbon per unit area conserved or sequestered in liv-
ing biomass under a particular forest-management practice and
present climate is relatively well-understood. The most impor-
tant uncertainties associated with estimating a global value are

(i) the amount of land suitable and available for forestation,
regeneration, and/or restoration programs; (ii) the rate at which
tropical deforestation can actually be reduced; (iii) the long-
term use (security) of these lands; and (iv) the continued suit-
ability of some practices for particular locations given the pos-
sibility of changes in temperature, water availability, and so
forth under climate change. Management options vary by
country, social system, and ecosystem type.

Proposed options for conserving and sequestering carbon and
reducing other greenhouse gas emissions in the forestry and
agriculture sectors are consistent with other objectives of land
management—such as sustainable development, industrial
wood and fuelwood production, traditional forest uses, protec-
tion of other natural resources (e.g., biodiversity, soil, water),
recreation, and increasing agricultural productivity.

4.3.1. Carbon Dioxide

Since the 1990 IPCC assessment, significant new information
has emerged concerning the potential of forests to conserve
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and sequester carbon, as well as the costs of forestry programs
to promote this carbon storage. Biomass for the production of
electricity or liquid fuels, continuously harvested and regrown
in a sustainable manner, would avoid the release of fossil car-
bon. In the long run, this would offer a more efficient strategy
than one based on carbon storage in vegetation and soils, which
would saturate with time. The development of this mitigation
option will depend critically upon the competitiveness of bio-
mass. However, managing forests to conserve and increase car-
bon storage offers an effective mitigation option during the
transition period of many decades necessary to stabilize atmos-
pheric concentrations of carbon.

In the forestry sector, assuming the present climate and no
change in the estimated area of available lands, the cumulative
amount of carbon that could feasibly be conserved and
sequestered through establishment of plantations and agro-
forestry, forest regeneration, sustaining existing forest cover,
and slowing deforestation over the period 1995–2050 ranges
between 60 and 90 Gt C. The literature indicates that the trop-
ics have the potential to conserve and sequester the largest
quantity of carbon (80% of the global total in the forestry sec-
tor), with more than half due to promoting forest regeneration
and slowing deforestation. Tropical America has the largest
potential for carbon conservation and sequestration (46% of
tropical total), followed by tropical Asia (34%) and tropical
Africa (20%). The temperate and boreal zones could sequester
about 20% of the global total, mainly in the United States, tem-
perate Asia, the former Soviet Union, China, and New Zealand.
Altering the climate and land-use assumptions—for example,
by increasing demand for agricultural land in the tropics or
accounting for potential consequences of climate change—
would reduce these estimates significantly.

Estimates of the full costs of conserving or sequestering carbon
in forests should include land values as well as capital, infra-
structure, and other costs. However, many of these costs are
particularly difficult to generalize given the amenity value of
forests, their importance in traditional economies, and their
significance in maintaining regional environments and biodi-
versity.  Costs for conserving and sequestering carbon in bio-
mass and soil are estimated to range widely, but can be com-
petitive with other mitigation options. Factors affecting costs
include opportunity costs of land, initial costs of planting and
establisment, costs of nurseries, the cost of annual maintenance
and monitoring, and transaction costs. Direct and indirect ben-
efits will vary with national circumstances and could offset the
costs. Additional amounts of carbon could be sequestered in
agricultural and rangeland soils over a 50-year period by
improved management practices, although less is currently
known about the global potential in this sector.

4.3.2. Methane and Nitrous Oxide

Nations can achieve significant decreases in CH4 emissions
from agriculture through improved nutrition of ruminant ani-
mals and better management of rice paddies (e.g., irrigation,

nutrients, new cultivars). Altering the treatment and manage-
ment of animal wastes and reducing agricultural biomass burn-
ing also will decrease CH4 releases. Combining these practices
could reduce CH4 emissions from agriculture by 25 to 100
Mt/yr. Agricultural sources of N2O include mineral fertilizers,
legume cropping, animal waste, and biomass burning. Using
presently available techniques to improve the efficiency of fer-
tilizer and manure could reduce agricultural emissions by 0.3
to 0.9 Mt of nitrogen per year.

4.4. Cross-Sectoral Issues

Cross-sectoral assessment of different combinations of mitiga-
tion options focuses on the interactions of the full range of
technologies and practices that are potentially capable of
reducing emissions of greenhouse gases or sequestering car-
bon. Current analysis suggests the following:

• Competing uses of land, water, and other natural

resources. A growing population and expanding econ-
omy will increase the demand for land and other nat-
ural resources needed to provide, inter alia, food,
fiber, forest products, and recreation services. Climate
change will interact with the resulting intensified pat-
terns of resource use. Land and other resources could
also be required for mitigation of greenhouse gas
emissions. Agricultural productivity improvements
throughout the world and especially in developing
countries would increase availability of land for pro-
duction of biomass energy.

• Geoengineering options. Some geoengineering
approaches to counterbalance greenhouse-induced cli-
mate change have been suggested (e.g., putting solar
radiation reflectors in space, or injecting sulfate
aerosols into the atmosphere to mimic the cooling
influence of volcanic eruptions). Such approaches
generally are likely to be ineffective, expensive to sus-
tain, and/or to have serious environmental and other
effects which are in many cases poorly understood. 

4.5. Policy Instruments

Mitigation depends on reducing barriers to the diffusion and
transfer of technology, mobilizing financial resources, support-
ing capacity building in developing countries, and other
approaches to assist in the implementation of behavioral
changes and technological opportunities in all regions of the
globe. The optimum mix of policies will vary from country to
country, depending upon political structure and societal recep-
tiveness. The leadership of national governments in applying
these policies will contribute to responding to adverse conse-
quences of climate change. Governments can choose policies
that facilitate the penetration of less greenhouse gas-intensive
technologies and modified consumption patterns. Indeed,
many countries have extensive experience with a variety of
policies that can accelerate the adoption of such technologies.
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This experience comes from efforts over the past 20 to 30 years
to achieve improved energy efficiency, to reduce the environ-
mental impacts of agricultural policies, and to meet conserva-
tion and environmental goals unrelated to climate change.
Policies to reduce net greenhouse gas emissions appear more
easily implemented when they are designed to address other
concerns that impede sustainable development (e.g., air pollu-
tion and soil erosion). A number of policies, some of which
may need regional or international agreement, can facilitate the
penetration of less greenhouse gas-intensive technologies and
modified consumption patterns, including:

• Putting in place appropriate institutional and structur-
al frameworks

• Energy pricing strategies (e.g., carbon or energy taxes,
and reduced energy subsidies)

• Reducing or removing other subsidies (e.g., agricul-
tural and transport subsidies that increase greenhouse
gas emissions)

• Tradable emissions permits
• Voluntary programs and negotiated agreements with

industry
• Utility demand-side management programs
• Regulatory programs including minimum energy-

efficiency standards, such as for appliances and fuel
economy

• Stimulating research, development, and demonstra-
tion to make new technologies available

• Market pull and demonstration programs that stimu-
late the development and application of advanced
technologies

• Renewable energy incentives during market build-up
• Incentives such as provisions for accelerated depreci-

ation and reduced costs for consumers
• Education and training; information and advisory

measures
• Options that also support other economic and envi-

ronmental goals.

Accelerated development of technologies that will reduce
greenhouse gas emissions and enhance greenhouse gas sinks—
as well as understanding the barriers that inhibit their diffusion
into the marketplace—requires intensified research and devel-
opment by governments and the private sector.

5. Technical Guidelines for Assessing Climate Change
Impacts and Adaptations

Working Group II has prepared guidelines to assess the
impacts of potential climate change and to evaluate appropri-
ate adaptations. They reflect current knowledge and will be
updated as improved methodologies are developed. The guide-
lines outline a study framework that will allow comparable
assessments to be made of impacts and adaptations in different
regions/geographical areas, economic sectors, and countries.
They are intended to help contracting parties meet, in part,
their commitments under Article 4 of the UNFCCC.

Impact and adaptation assessments involve several steps:

• Definition of the problem
• Selection of the methods
• Testing the method
• Selection of scenarios
• Assessment of biophysical and socioeconomic impacts
• Assessment of autonomous adjustments
• Evaluation of adaptation strategies.

Definition of the problem includes identifying the specific
goals of the assessment, the ecosystem(s), economic sector(s),
and geographical area(s) of interest, the time horizon(s) of the
study, the data needs, and the wider context of the work.

The selection of analytical methods(s) depends upon the avail-
ability of resources, models, and data. Impact assessment
analyses can range from the qualitative and descriptive to the
quantitative and prognostic.

Testing the method(s), including model validation and sensi-
tivity studies, before undertaking the full assessment is neces-
sary to ensure credibility.

Development of the scenarios requires, firstly, the projection of
conditions expected to exist over the study period in the
absence of climate change and, secondly, the projection of con-
ditions associated with possible future changes in climate.

Assessment of potential impacts on the sector(s) or area(s) of
interest involves estimating the differences in environmental
and socioeconomic conditions projected to occur with and
without climate change.

Assessment of autonomous adjustments implies the analysis of
responses to climate change that generally occur in an auto-
matic or unconscious manner.

Evaluation of adaptation strategies involves the analysis of dif-
ferent means of reducing damage costs. The methodologies
outlined in the guidelines for analyzing adaptation strategies
are meant as a tool only to compare alternative adaptation
strategies, thereby identifying the most suitable strategies for
minimizing the effects of climate change were they to occur.

6. Methods for Assessing Mitigation Options and
Inventory of Mitigation Technologies

Working Group II also has prepared guidelines to assess miti-
gation of options. Recognizing that there are many viable
approaches for mitigating greenhouse gas emissions and that
countries need to identify those approaches best suited to their
needs and conditions, these guidelines provide a range of ana-
lytical methods and approaches for assessing mitigation
options and developing national mitigation plans and strate-
gies. The types of methods covered include macroeconomic
models, decision analysis tools, forecasting methods, costing
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models, market research methods, and monitoring and evalua-
tion methods.

In addition to descriptions of methods, the guidelines describe
several broader aspects of the mitigation options assessment
process, including the strategic, analytical, and informational
challenges; organizational issues; and important cross-cutting
issues such as top-down versus bottom-up modeling, account-
ing for uncertainty, and incorporating externalities.

The guidelines place a special emphasis on the needs of devel-
oping countries and countries with economies in transition. The
methods and models addressed are therefore intended to match
a range of analytical capabilities and resource constraints.

Research in the preparation of these guidelines has demon-
strated that methods to assess mitigation options are available
to all countries for use in developing strategies and evaluating
programs and projects that (i) support national economic,

social, and institutional development goals, and (ii) slow the
rate of growth in greenhouse gas emissions. Although involv-
ing analytical challenges, these methods have been widely
applied in both industrialized and developing countries.
Moreover, the Global Environment Facility, other internation-
al organizations, and bilateral programs provide resources to
assist developing countries and those with economies in transi-
tion in obtaining information on, testing, and using these meth-
ods. The IPCC recommends that all countries evaluate and use,
as appropriate, these draft methods in preparing country stud-
ies and their national communications.

In the future, development and application of mitigation
assessment methods will result in further improvements in the
methods and the capabilities of countries to assess mitigation
options. The IPCC, in coordination with other multilateral
institutions, could accelerate the dissemination of selected
information on assessment methods through seminars, work-
shops, and educational materials.
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