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EXECUTIVE SUMMARY

This chapter synthesizes the results of Work Group Il of the
Third Assessment Report (TAR) and assesses the state of
knowledge concerning Article 2 of the United Nations
Framework Convention on Climate Change (UNFCCC). The
TAR’s task is to define what is known about the effects of
climate change: how sensitive systems are, what adaptive
capacity they have, and what their vulnerability is. It is not the
goal of this assessment to determine whether these effects are
tolerable or are considered dangerous.

The goal of this chapter isto synthesize information on climate
change impacts in a manner that will enable readers to evaluate
the relationship between increases in global mean temperature
and impacts. The chapter focuses on certain “reasons for concern”
that may aid readers in making their own determination about
what isa“dangerous’ climate change. Each reason for concern
is consistent with a paradigm that can be used by itself or in
combination with other paradigmsto help determine what level
of climate change is dangerous. The reasons for concern are:

1) The relationship between global mean temperature
increase and damage to or irreparable loss of unique
and threatened systems

2) The relationship between global mean temperature
increase and the distribution of impacts

3) The relationship between global mean temperature
increase and global aggregate damages

4) The relationship between global mean temperature
increase and the probability of extreme weather events

5) The relationship between global mean temperature
increase and the probability of large-scale singular events
such asthe breakup of the West Antarctic Ice Sheet or the
collapse of the North Atlantic thermohaline circulation.

In addition, we examine what observed effects of climate
change tell us with regard to Article 2 of the UNFCCC.
Increase in global mean temperature since 1900 (i.e., mean
global warming) is used as the common metric against which
impacts are measured. Thismetric is closdly related to greenhouse
gas (GHG) concentrations but is more relevant for impact
assessments.

Some general caveats apply to all of the reasons for concern:

e In spite of many studies on climate change impacts,
there till is substantial uncertainty about how effective
adaptation will be (and could be) in amdliorating negative
effects of climate change and taking advantage of positive
effects.

e The effect of changes in baseline conditions, such as
population and economic growth and development of
new technologies that could change vulnerability, has
not been adequately considered in most impact studies.

e Most impact studies assess the effects of a stable climate,
so our understanding of what rates of change may be
dangerousis limited.

It does not appear to be possible to combine the different reasons
for concern into a unified reason for concern that has meaning
and is credible. However, we can review the relationship
between impacts and temperature for each reason for concern
and draw some preliminary conclusions about the potential
severity and risk of impacts for the individual reasons for
concern. Note that the following findings do not incorporate
the costs of limiting GHG emissionsto levelsthat are sufficient
to avoid changesthat may be considered dangerous. Also
note that there is substantial uncertainty regarding the
impacts of climate change at the temperatures mentioned.
These temperatures should be taken as approximate indications
of impacts, not as absolute thresholds. In addition, change in
global mean temperature does not describe all relevant aspects
of climate change impacts, such as rate and pattern of change
and changes in precipitation, extreme climate events, or lagged
(or latent) effects such as rising sea levels. For simplification,
we group different levels of temperature increase into “small,”
“medium,” and “large.” “Small” denotes a global mean
temperature increase of as much as approximately 2°C;
“medium” denotes a global mean temperature increase of
approximately 2-3°C; and “large” denotes a global mean
temperature increase of more than approximately 3°C.

Based on a review of the literature of observations of climate
change impacts, as reflected in other chapters in the TAR, we
conclude the following:

e Observations. Statistically significant associations
between trends in regional climate and impacts have
been documented in ~100 physical processes and ~450
biological species or communities in terrestrial and
polar environments. Although the presence of multiple
factors (e.g., land-use change, pollution, bictic invasion)
makes attribution of observed impactsto regional climate
change difficult, more than 90% (~99% physical, ~80%
biophysical) of the changes documented worldwide are
consistent with how physical and biological processes are
known to respond to climate. Based on expert judgment,
we have high confidence that the overall patterns and
processes of observations reveal a widespread and
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coherent impact of 20th-century climate changes on
many physical and biological systems. Signals of
regional climate change impacts may be clearer in
physical and biological systems than in socioeconomic
systems, which also are simultaneously undergoing
many complex changes that are not related to climate
change, such as population growth and urbanization.
Socioeconomic systems have complex and varying
mechanisms for adapting to climate change. There are
preliminary indications that some social and economic
systems have been affected in part by 20th-century
regional climate changes (e.g., increased damages from
flooding and droughts in some locations). It generaly
is difficult to separate climate change effects from
coincident or alternative explanations for such observed
regional impacts.

Unique and Threatened Systems: Tropical glaciers,
coral reefs, mangroves, ecotones, and biodiversity “hot
spots’ are examples of unique and threatened entities
that are confined to narrow geographical ranges and
are very sensitive to climate change. However, their
degradation or loss could affect regions outside their
range. Thereis medium confidence that several of these
systems will be affected by a small temperature increase;
for example, coral reefs will bleach and glaciers will
recede. At higher magnitudes of temperature increase,
other and more numerous unique and threatened systems
would be adversely affected.

Distribution of Impacts: The impacts of climate change
will not be evenly distributed among the peoples of
the world. There is high confidence that developing
countrieswill be more vulnerable to climate change than
developed countries, and there is medium confidence
that climate change would exacerbate income inequalities
between and within countries. There also is medium
confidence that a small temperature increase would
have net negative impacts on market sectors in many
developing countries and net positive impacts on
market sectors in many developed countries. However,
there is high confidence that with medium to high
increases in temperature, net positive impacts would
start to decline and eventually would turn negative, and
negative impacts would be exacerbated. Estimates of
distributional effects are uncertain because of aggregation
and comparison methods, assumptions about climate
variability, adaptation, levels of development, and other
factors.

Aggregate Impacts: With asmall temperature increase,
there is medium confidence that aggregate market sector
impacts would amount to plus or minus a few percent
of world gross domestic product (GDP), and there is
low confidence that aggregate nonmarket impacts
would be negative. Most people in the world would be
negatively affected by a small to medium temperature
increase. Most studies of aggregate impacts find that
there are net damages at the globa scale beyond a
medium temperature increase and that damages
increase from there with further temperature increases.
The important qualifications raised with regard to
distributional analysis (previous bullet item) also apply
to aggregate analysis. By its nature, aggregate analysis
masks potentially serious equity differences. Estimates
of aggregate impacts are controversial because they
treat gains for some as canceling out losses for others
and because the weights that are used to aggregate over
individuals are necessarily subjective.

Extreme Climate Effects: The frequency and magnitude
of many extreme climate events increase even with a
small temperature increase and will become greater at
higher temperatures (high confidence). Extreme events
include, for example, floods, soil moisture deficits, tropical
and other storms, anomalous temperatures, and fires.
The impacts of extreme events often are large localy
and could strongly affect specific sectors and regions.
Increases in extreme events can cause critical design or
natural thresholds to be exceeded, beyond which the
maghitude of impactsincreases rapidly (high confidence).
Large-Scale Sngularities: Large-scale singularities in
the response of the climate system to external forcing,
such as shutdown of the North Atlantic thermohaline
circulation or collapse of the West Antarctic ice sheet,
have occurred in the past as aresult of complex forcings.
Similar events in the future could have substantial
impacts on natural and socioeconomic systems, but the
implications have not been well studied. Determining
the timing and probability of occurrence of large-scale
singularitiesis difficult because these events are triggered
by complex interactions between components of the
climate system. The actual impact could lag the climate
change cause (involving the magnitude and the rate of
climate change) by decades to millenia. Thereislow to
medium confidence that rapid and large temperature
increases would exceed thresholds that would lead to
large-scale singularities in the climate system.
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19.1. Introduction

This chapter draws on the results of the entire TAR to assess
the state of knowledge concerning Article 2 of the UNFCCC.
Article 2 of the UNFCCC states that:

“..the ultimate objective of this Convention...is to
achieve...stabilization of greenhouse gas concentrations
in the atmosphere at a level that would prevent dangerous
anthropogenic interference with the climate system. Such
alevel should be achieved with atime frame sufficient to
allow ecosystems to adapt naturally to climate change, to
ensure that food production is not threatened and to enable
economic devel opment to proceed in a sustainable manner.”
(UNEP/WMO, 1992).

The ultimate goal for stabilizing GHG concentrations is to
avoid “dangerous anthropogenic interference with the climate
system.” The question of what is dangerous is one that the
authors of this chapter cannot answer. Danger is a function of
the degree to which effects are negative and the degree to which
those effects are unacceptable. The latter is a value judgment.
The TAR'stask is to define what is known about the effects of
climate change—to identify their character and their implications
and whether they are negative or positive. It is not about
determining whether these effects are acceptable.

The preceding chapters review the literature about vulnerability
to climate change in regions and sectors. The goa of this chapter
isto draw on very disparate reasons for concern regarding
climate change impacts in a manner that will enable readersto
evaluate the relationship between increases in global mean
temperature and impacts (for an explanation of why change in
global mean temperature is used as an indicator, see Section
19.1.2). It attempts to enable readers to understand the risks of
higher magnitudes of increased global mean temperature.

19.1.1. Reasonsfor Concern

To provide information to readers in a manner that will enable
them to make judgments about what level of climate change
may be dangerous, this chapter addresses “ reasons for concern,”
which represent away for readers to think about the seriousness
of climate change impacts. These reasons for concern are taken
from debates and literature about the risks of climate change.
The authors of this chapter make no judgment regarding whether
one or several reasons for concern are more important than
others. Nor do we attempt to combine the reasons for concern
to produce a single “bottom line.”

The reasons for concern are as follows:

1) The relationship between global mean temperature
increase and damage to or irreparable loss of unique
and threatened systems: Some unique and threatened
systems may beirreparably harmed by changesin climate
beyond certain thresholds.
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2) The relationship between global mean temperature
increase and the distribution of impacts: Some regions,
countries, ilands, and cultures may be adversdly affected
by climate change, whereas others could benefit, at least
up to a point. For example, in some sectors, adverse
effects may be experienced in some parts of the world
while other parts may have net gains. Within countries,
some regions or groups of people could be harmed
while others benefit or experience less harm.

3) The relationship between global mean temperature
increase and global aggregated impacts: Using a
consistent method of measurement and aggregation of
climate change impacts, we address how aggregate
impacts change as global mean temperature increases,
whether aggregate impacts are positive at some levels
of temperature increase and negative at others, whether
change will occur smoothly or in a more complex
dynamic pattern, and whether aggregate impacts mask
unequal distribution of impacts.

4) The relationship between global mean temperature
increase and the probability of extreme weather events:
As mean climate changes, so too will the probability of
extreme weather events such as days with very high or
very low temperatures, extreme floods, droughts, tropical
cyclones, and storms. This chapter addresses how the
probability and consequences of such events may
change as global mean temperature increases.

5) The relationship between global mean temperature
increase and the probability of large-scale singular
events, such as collapse of the West Antarctic ice sheet
(WAIS) or shutdown of the North Atlantic thermohaline
circulation (THC): This chapter addresses what isknown
about how the probabilities of such events change as
the magnitude of climate change increases.

In addition, this chapter addresses whether changes in climate
during the 20th century have resulted in observed impacts. The
IPCC has documented these changes, and an important question
is whether these changes have resulted in measurable impacts
on nature or society. Important questionsinclude the following:

« Are the observed effects of climate change consistent
with model predictions, particularly those that estimate
more serious impacts at larger GHG concentrations?

* Bvenifitisnot clear whether observed effects are caused
primarily by climate change, do these effects give us
information about the potential vulnerability of systems
to climate change?

Observations are not areason for concern. Instead, they help us
determine whether impacts that are relevant to any of the five
reasons for concern have occurred.

19.1.2. Choice of I ndicator

A critical issueistheindicator of climate change against which
we measure impacts. A common measure allows consistent
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discussion about the relationship between climate change and
impacts. Severa indicators could be used:

1) GHG emission levels

2) Atmospheric GHG concentration levels

3) Changesin global mean temperature and sea-level rise
4) Changesin regiona climate variables

5) Changesintheintensity or frequency of extreme events.

Several considerations must be taken into account in selecting an
indicator. Using GHG emission levels (1) or even concentration
levels (2) implies examining impacts beyond the 21st century.
Published estimates of time frames for stabilizing GHG
atmospheric concentration level s tend to assume such levelswill
not be stabilized until after the end of the 21st century (Enting
et al., 1994; Wigley et al., 1996; Schimel et al., 1997).

The problem with using such levels as an indicator is that most
of the impact literature examines potential impacts only as far
as 2100. In addition, most studies are based on scenarios of
specific changes in global mean or, more typically, regional
climate variables such as temperature or precipitation.l It is
difficult to relate a specific level of GHG concentration to a
specific change in globa average climate or regiona climate.
For each GHG concentration level, thereis arange of potential
changes in global mean temperature (see Box 19-1). And for
each change in global mean temperature, there is a range of
potential changes in average regional temperature, precipitation,
and extreme events.

The problem with indicators 3, 4, and 5 is the inverse of the
foregoing problem. For each change in global or regional
climate or extreme events, there is a range of levels of GHG
concentrations that could cause such achangein climate. Thus,
using these indicators makes it more difficult to work back to
defining atmospheric concentrations of GHGs, as required by
Article 2 of the UNFCCC. In addition, as one gets to finer
levels of spatial and temporal resolution, such as changes in
regional climates and extreme events, it becomes more difficult
to attribute such changes to changes in GHG concentrations.

Thus, whatever theindicator selected, there will be problemsin
using it to relate impacts to the level of GHG concentrations.
The choice of indicator depends on two factors:

1) What doesthe literature on climate change impacts allow
usto consider?

2) What indicator can be most directly related to GHG
concentrations?

We selected change in global mean temperature as our indicator
for two reasons. The first is that the impact literature can be
directly related to a change in global mean temperature. Many
studies are based on specific results from genera circulation

10ne recent exception is DETR (1999), which examines changes in
global impacts at different CO,, stabilization levels.

\Vulnerability to Climate Change and Reasons for Concern: A Synthesis

models (GCMs), which estimate a change in globa mean
temperature. Other studies can be related to a change in global
mean temperature by inversely using the scaling method from
Chapter 4. The second reason is that, as discussed in Box 19-1,
itismost feasible to relate changes in global mean temperature
to GHG concentrations. It is harder to relate the other indicators
directly to GHG concentrations. Thus, global mean temperature
increase is the indicator that can be used most readily to relate
GHG emissions (and emissions control) to changes in climate
and impacts.

For any change in global mean temperature, there are many
possible changes in regional climate and climate variability,
which could have quite different results. Thus, a 2°C increase
in global mean temperature may result in a particular region
being much wetter or drier or having more or fewer extreme
climate events. Whether the region gets wetter or drier or has
more severe climate is likely to have much greater bearing on
impacts than a change in mean temperature. Hence, athough
the use of global mean temperature as an indicator is preferable
to the other options because it has fewer problems in
implementation, it has its own limitations.

This chapter does not address the effect of different rates of
change in climate on vulnerability. There isno doubt that a 3°C
increase in global mean temperature realized in 50 years could
be far worse than the same amount of warming realized in 100
or 200 years. In addition, changes in extreme events such as
more intense El Nifio-Southern Oscillation (ENSO) events (see,
e.g., Timmermann et al., 1999) could lead to more adverse
impacts than a monotonic and gradual changein climate. Thus,
rate of change is an important factor affecting what climate
change is considered to be dangerous. Unfortunately, most of
the impact literature has addressed only static or equilibrium
changes in climate. These studies have not examined what
rates of change various sensitive systems can adapt to. Future
research should address this matter.

19.1.3. Roleof Adaptation

Successful adaptation reduces vulnerability to an extent that
depends greatly on adaptive capacity—the ability of an affected
system, region, or community to cope with the impacts and risks
of climate change (see Chapter 18). Enhancement of adaptive
capacity can reduce vulnerability and promote sustainable
devel opment across many dimensions.

Adaptive capacity in human systems varies considerably among
regions, countries, and socioeconomic groups. The ability to
adapt to and cope with climate change impactsis a function of
weslth, technology, information, skills, infrastructure, ingtitutions,
equity, empowerment, and ability to spread risk. Groups and
regions with adaptive capacity that islimited along any of these
dimensions are more vulnerable to climate change damages,
just asthey are more vulnerable to other stresses. Enhancement
of adaptive capacity isanecessary condition for reducing
vulnerability, particularly for the most vulnerable regions, nations,
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Box 19-1. Uncertaintiesin Future War ming

Does a given atmospheric concentration of GHGs cause a specific change in global mean temperature (or other climate
variables, for that matter)? To answer this question, we quantify uncertainties in the change in global mean temperature
for agiven CO,, concentration level. Thisis accomplished by using the same simple models that are used in the TAR
Working Group | report (TAR WGI Chapter 9). These models are updated versions of models used previously by the
IPCC in the Second Assessment Report (SAR) (Kattenberg et al., 1996; see also Raper et al., 1996). We consider the
effects of uncertainties in future emissions of all radiatively important gases (particularly the relative importance of CO,
to other forcing factors) and climate sensitivity, but not uncertainties in tranglating emissions to concentrations.

These uncertainty issues are addressed by comparing CO, concentrations (not other GHGs) and the corresponding
temperature projections for 5-year time steps from 1990 to 2100 (i.e., using results for 1995, 2000, 2005, etc.) for the six
illustrative emissions scenarios from the IPCC Special Report on Emissions Scenarios (SRES) (Nakicenovic et al., 2000)
under arange of climate sensitivity assumptions. The six emissions scenarios provide a sampling of the space of the
relative effects of CO, compared with other GHGs and sulfur dioxide (SO,)-derived sulfate aerosols. Climate sensitivity
(DT,,) values of 1.5, 2.5, and 4.5°C are used.

The results are plotted as a simple scatter diagram of temperature change against CO, concentration (see Figure 19-1).
The scatter plot has 22 5-year values (1990 values are zero in each case) by six scenarios by three sensitivities (396
points). The diagram is meant only to illustrate a range of possibilities. One cannot associate any specific confidence
intervals with the ranges shown; however, simultaneous use of realistic values in several input parameters with the
judgment that the climate sensitivity range of 1.5-4.5°C represents approximately the 90% confidence interval (see, e.g.,
Morgan and Keith, 1995) suggests that the probability of aresult outside the ranges shown, during the interval
1990-2100, is less than 10%.

The results are shown in Figure 19-1. For example, for afuture CO, level of 550 ppmv, the global mean warming range
is 1-3°C relative to 1990. Thus, a specific CO, concentration could lead to arange of increases in global mean temperature.
Note that thisis atransient result; in other words, if CO,, concentrations were stabilized at 550 ppmv, substantial additional
warming would occur beyond this range as the climate system slowly relaxed toward a new equilibrium state. The levels
of increase in global mean temperature displayed in the diagram are less than what would eventually happen if CO,
concentrations were stabilized at a particular level. Note also that there is no time (or date) associated with any particular
concentration level. For, example, in the SRES scenarios, 550 ppmv is reached at a range of dates from about 2050
onward.

< Figure 19-1: Global mean temperature change
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and socioeconomic groups. To be sure, some development
paths can increase some types of vulnerabilities, whereas others
can reduce those vulnerabilities.

Adaptive capacity in natural systems tends to be more limited
than adaptive capacity in human systems. Many species have
limited ability to migrate or change behavior in response to
climate change. What may be of greater concern is the harm
that already has been done to natural systems by societa
development. Habitat fragmentation and destruction, as well
as creation of barriers to migration, will make it much more
difficult for species to cope with climate change than if natural
systems were undisturbed.

We do not address adaptation explicitly in this chapter, except
to the extent that the literature cited here considers adaptation.
Adaptation may have the potential to reduce vulnerability and,
in many cases, shift the threshold for negative impacts to higher
magnitudes of climate change. The degree to which adaptation
can do so is not addressed here; it should be the subject of
future research.

19.1.4. Chapter Organization
The chapter is organized into the following sections:

e Section 19.2 addresses the insights we can gain by
examining observed effects of climate change. Are we
seeing impacts of climate change on nature and society?

e Section 19.3 addresses what changes in global mean
temperature may cause harm to threatened and unique
systems. For example, are threstened and unique sysems
at risk from even low levels of increase in global mean
temperature? Are some societies at particular risk at
low levels of temperature increase?

o Section 19.4 addresses the evidence regarding the
relationship between changein global mean temperature
and distribution of impacts. Are adverse or positive
impacts from climate change distributed equally around
the world and within countries? Are some regions
harmed at certain levels of climate change while others
benefit? Are some subgroups or cultures at greater risk
than the population as a whole?

e Section 19.5 addresses what insights we gain from
aggregate or comprehensive approaches to measuring
impacts. What do approaches such as monetization or
looking at the number of people who are harmed or
benefited tell us about the relationship between aggregate
impacts and higher temperatures? This section aso
addresses insights gained from integrated assessment
models (IAMs).

e Section 19.6 addresses the potential for increases in
extreme climate events and large-scale singular effects.
Astemperatures increase or the rate of temperature rise
increases, does the potential for extreme climate events
and singular effects such asachangein oceancirculation
patterns or the collapse of ice sheets increase? Can

Vulnerability to Climate Change and Reasons for Concern: A Synthesis

thresholds of change in terms of magnitudes or rates of
change be identified?

e Section 19.7 addresses the limitations of the information
used in this chapter to address observations and the
reasons for concern. It also addresses future research
that is needed to narrow these uncertainties.

e Section 19.8 summarizes the findings on observations
and the reasons for concern.

Sections 19.2 and 19.3 draw most heavily on the TAR. Examples
can be found in the region and sector chapters of thisreport; the
sections in this chapter do not introduce new information.
Instead, they synthesize that information in ways that the other
chapters are unable to because they do not examine all regions
and sectors. Sections 19.4, 19.5, and 19.6 draw on information
that is not found in the regional and sectoral chapters. They do
S0 because they address issues that those chapters cannot:

»  Comparison of impacts across regions (Section 19.4).
The sectoral chapters do this for each sector, but this
can be done comprehensively only in this chapter.

e Aggregation of impacts (Section 19.5). Thisrequires use
of common metrics to aggregate impacts across sectors
and regions. None of the other chapters can do this.

e Examination of changes in extreme events and large-
scale discontinuities (Section 19.6). This generaly is
not addressed in the region and sector chapters because
the climate change scenarios that are used most
commonly in impacts studies examine only changesin
average conditions, not changes in extreme events or
large-scal e discontinuities (see Chapter 4).

Thus, this chapter contains much new information in aframework
that can help readers judge what may considered to be a
dangerous level of climate change.

19.2. Observations of Climate Change I mpacts

It iswell established from physical, ecological, and physiologica
studies that climate strongly influences physical and biological
systems. This section addresses whether changes in regional
climate during the 20th century, documented by WGI, have
resulted in measurable impacts on physical and biological
systems. We also consider the potential for detecting observed
impacts of regional climate change in socioeconomic systems.
The objective here is to evaluate the accumulating body of
evidence with regard to the following questions:

1) Isthereacoherent signa in patterns of observed impacts?

2) Are observed effects of regiona climate changes
consistent with functional understanding and modeled
predictions of impacts?

3) Do observed effects provide information about the
potential vulnerability of systemsto climate change?

4) How do impacts observed over the past century relate
to the five reasons for concern brought forward by this
chapter?
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In relation to the five reasons for concern, the accumulating
body of studies documenting observed impacts of regiona climate
changes may contribute to understanding of:

e Actual and potentia climate change effects on unique
and threatened systems

» Relationships of impacts to changes in extreme events

*  Functional and geographical distribution of current and
future climate change effects

*  Aggregation of impacts

* Potentia effects of large-scale singularities.

In this section, we focus on observed impacts that have been
associated with regiona climate changes over the past 100
years. We examine evidence in physical and biological systems
interrestrial, coastal and marine, and freshwater environments,
as well as in socioeconomic systems, including agriculture,
commercial fisheries, human settlements, insurance and financial
services, and human health (see also other chaptersin thisreport).

The studies reviewed document an observed impact in a
physical, biological, or socioeconomic system associated with
changes in one or more regional climate variables (most often
temperature rise). The effects are examined with regard to the
range and geographical extent of processes and species
involved, their consistency with functional understanding of
mechanisms or processesinvolved in climate-impact relationships,
and the possibility of alternative explanations and confounding
factors. Expected directions of change relating to regiona
climate warming for physical systems include shrinkage of
glaciers, decrease in snow cover, shortening of duration of lake
and river ice cover, declines in sea-ice extent and thickness,
lengthening of frost-free seasons, and intensification of the
hydrological cycle. Expected directions of change relating to
regional climate warming for biological systems include
poleward and elevational shifts in distribution and earlier
phenology (i.e., earlier breeding, emergence, flowering) in plant
and animal species.

Wefollow the WGI definition of climate change as agtatitically
significant variation in the mean state of the climate or its
variability, persisting for an extended period (typically decades
or longer). Climate change, as defined here, may be caused by
natural internal processes or external forcings or by persistent
anthropogenic changes in the composition of the atmosphere or
land use.

Since 1860, the global mean temperature has warmed 0.6+ 0.2°C;
regional temperature changes have varied, ranging from greater
than 0.6°C to cooling in some regions (TAR WGI Chapter 2).
Annual land-surface precipitation has increased (0.5-1% per
decade) in most middle and high latitudes of the northern
hemisphere, except over eastern Asia. In contrast, over much of
the subtropical land aress, rainfal has decreased during the
20th century (0.3% per decade), although it has been recovering
in recent years (TAR WGI Chapter 2). The recent warming
period began in 1976, with pronounced warming observed in
northwestern North America, central northern Asia, and the
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southern Pacific Ocean. Detection of climate change and
attribution of causes are discussed in TAR WGI Chapter 12.

19.2.1. Methods of Analysis

Accumulation of evidence over time and space, based on
numerousindividual studies, is needed to detect and characterize
patterns and processes of observed climate change impacts on
a globa basis (see Chapter 2). In many studies, changes in
impact systems are compared with trends in climate variables
over the same period and location. Many studies establish
statistically significant trends in the observed impact and the
climate variable, as well as a statistically significant association
between the two (e.g., Beebee, 1995; Brown et al., 1999; Barber
et al., 2000). Others refer to trends in climate documented
elsewhere (e.g., Menzel and Fabian, 1999; Thomas and Lennon,
1999). When multiple species or locations are examined, cases
are reported that exhibit no change, change that is consistent
with understanding of climate-impact relationships, and
change that is inconsistent with understanding of climate-
impact relationships. This alows for assessment of whether
observed changes are significantly different from random
chance and are consistent with functional understanding of
climate responses (e.g., Ellis, 1997; Ellis et al., 1997; Bradley
et al., 1999; Pounds et al., 1999).

Individual studiesthat link observed impactsto regiona climate
change may be hampered by methodological problems such as
length of time-series data of observed impacts, number of
replications of populations, census sites, or species; availability
of climate data to which to compare observed changes, and
uncertainty about whether observed impacts and regiona climate
variables are measured at appropriate spatial scales (Chapter 2).
In some regions, severa individual studies have focused on
differing aspects of a common ecosystem, providing evidence
for associations between climate change and multiple responses
in agiven geographical area (e.g., Smith et al., 1999); in other
regions, however, studies examine more isolated responses.

Because changing climate and ecological responses are linked
over a range of temporal scales, long periods of study alow
more accurate conclusions regarding the significance of
observed ecosystem changes. Large-amplitude temporal
changes usually involve large spatia dimensions, so broad-
scale gpatial/temporal ecosystem studies tend to be more
robust. The mgjority of studies document trends for periods of
more than 20 years (e.g., Post et al., 1997; Winkel and Hudde,
1997; Post and Stenseth, 1999); afew studies document trends
for 10-19 years (e.g., Jarvinen, 1994; Forchhammer et al.,
1998); and severa studies analyze data from two periods with
agap between them (Bradley et al., 1999; Sagarinet al., 1999).

Climate Trends: The various studies of observed impacts of
recorded regional temperature change over the past century,
which include the recent warm decades of the 1980s and 1990s,
often differentiate responses to mean, minimum, and maximum
temperatures. Regional precipitation changes and periods of
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droughts and floods are much more variable in observed
records and more uncertain with regard to future predictions
and are not the primary focus here. Studies also have considered
possible observed responses to the rising atmospheric
concentrations of CO, over the past century, but these studies
are not included in this review.

To the extent that periodicities or trends are found in the
climate record, nonzero autocorrelations are to be expected on
the interannual time scale. Their importance depends on the
percentage of variance associated with the periodicities and the
magnitude of the trend relative to interannua noise. Often the
periodicities represent only asmall proportion of the total variance;
thisis especially true on alocal level, where the noiseis
likely to be higher than at broader spatial scales. A nonzero
autocorrelation does not automatically mean the year-to-year
ecological impact isnot meaningful becauseif year-to-year climate
variability is associated with a periodic or steadily increasing
climate forcing, so too would be the ecological response.

Processes and Mechanisms: Beyond statistical association, an
important aspect of many studies is comparison of documented
changes to known relationships between climate and impact
systems. For example, under regiona warming, retreat of glaciers
is expected because of shiftsin the energy balance of glaciers,
asis poleward expansion of species ranges when temperatures
exceed physiological thresholds. If documented changes are
consistent with known processes that link climate and the
impact system, confidence in the associations between changes
in regiona climate and observed changes is enhanced.

Multiple Causal Factors: The presence of multiple causal
factors (e.g., land-use change, pollution, biotic invasion) makes
attribution of many observed impacts to regional climate
change a complex challenge at the individua study and meta-
analysislevels (e.g., Prop et al., 1998; Korner, 1999). Some of
the competing explanations for observed impacts themselves
could have a common driver that would make them strongly
correlated; identifying these drivers is a methodological
challenge. Studies seek to document observed climate change
impacts by ruling out other possible contributing causative
factors, ecological or anthropogenic, through study design and
sampling techniques (e.g., Parmesan, 1996; Menzel and
Fabian, 1999; Parmesan et al., 1999), statistical analyses (e.g.,
Prop et al., 1998; Reading, 1998), or expert judgment (De Jong
and Brakefield, 1998; Brown et al., 1999). Sometimes, different
studies offer alternative explanations for observed impacts
(e.g., Korner, 1999).

Signals of regional climate change impacts may be clearer in
physical systems than in biological systems, which are
simultaneously undergoing many complex changes that are not
related to climate, including land-use change and pollution
processes such as eutrophication and acidification. Observed
impacts in high-latitude and high-altitude physical systems,
such as melting of glaciers, may be more straightforward to
detect, whereas biological responses to climate tend to be
more complex and may be masked by the presence of the
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aforementioned multiple causal factors. To deal with these
ecological complexities, confounding factors often are minimized
by conducting studies away from large urban or agricultural
areas, in large natural areas (e.g., northern Canada, Australia),
or in preserved areas.

Signals of regional climate change impacts probably are most
difficult to detect in socioeconomic systems because such sygems
are strongly affected by simultaneous trends in population and
income growth and urbanization and because of the presence
of adaptive capacity (see Chapter 18). Observed climate change
impacts in socioecosystems may be adaptations in many cases,
such as farmers sowing crops earlier in response to warmer
spring temperatures.

An example of these methodological complexities in climate
change impact detection may be drawn from the human health
sector. Although climate is known to influence many disease
vectors (such as the range of anopheline mosquitos that
carry malaria), the presence or absence of sanitation systems,
vaccination programs, adequate nutritional conditions, animal
husbandry, irrigation, and land-use management also influences
whether the presence of a disease in wild vectors leads to
disease outbreaks in human populations (see Chapter 9).

Evaluating Patterns of Change: Grouping individua studiesto
evaluate patterns and processes of change on larger spatial
scales reduces the influences of study-specific biases and local
nonclimatic factors. Comparing expected geographical patterns
of responses to regional climate changes and to changes that
are not related to climate helps distinguish among multiple
possible causations. For example, regional warming would be
expected to skew the distribution of insect extinctions to be
greater at the southern boundaries rather than at the northern
boundaries; land-use change, in contrast, would be expected to
cause approximately equal extinctions at both range boundaries
(Parmesan, 1996; Parmesan et al., 1999). Care must be taken
to ensure that the sample of studies is representative across
time and space, is not biased in reporting, and uses appropriate
statistical tests. Spottiness of evidence in other regions may
indicate that observed impacts of regiona climate change are
not occurring, have not yet been detected, or are being masked
by other changes, such as urbanization.

Some studies of observed impacts have used a “fingerprint”
approach, based on the definition of expected biological
changes arising from regional climate change (e.g., Epstein et
al., 1998). This approach is similar to that used in detection of
climate changes (see TAR WGI Chapter 12) but differsin that
fingerprint studies of ecosystem impacts use selected data and
that long-term monitoring of changes in ecosystems generally
islacking at regional or global scales.

19.2.2. Synthesis of Observed | mpacts

There is an accumulating body of evidence of observed
impacts relating to regiona climate changes—primarily rising
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temperature across a broad range of affected physical processes understanding of the climate-impact processes involved. Cases
and biological taxa—and widespread geographical distribution of no change or change in unexpected direction are noted, as
of reported effects (see Figure 19-2 and accompanying notes).  are possible aternative explanations and confounding factors,
In many cases, reported changes are consistent with functional  where available.
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Figure 19-2: Observed impacts of temperature-related regional climate change in the 20th century:
» Hydrology and Glaciers—Glacier retreat, decrease in snow-cover extent/earlier snowmelt, reduction in annual duration of
lake and river ice
* Sea lce—Decline in searice extent and thickness
» Animals—Poleward and elevational shiftsin range, ateration in species abundance, changes in phenology (including earlier
reproduction and migration), physiological and morphological adaptation
» Plants—Change in abundance and diversity, change in phenology (including earlier flowering), change in growth.
Studies that cover large areas and use remote-sensing methods are indicated. About 50 studies were selected, according to the
following criteria: (1) hydrology/sea-ice studies that report long-term trends in observed variables (time periods of studies
range from ~20 to 150 years), and (2) terrestrial and marine ecosystem studies that associate trends in observed change(s) with
trends in regional climate data for 3 20 years (time periods of studies range from ~20 to 50 years). Of the ~100 physical
processes and ~450 biophysical species that exhibited change, more than 90% (~99% physical, ~80% biophysical) are consistent
with well-known mechanisms of system responses to climate.

Sources: Hydrology and Glaciers, and Sea |ce—Ames and Hastenrath (1996), Cavalieri et al. (1997), Dettinger and Cayan (1995), Dowdeswell et al . (1997),
Dyurgerov and Meier (1997), Greene et al. (1999), Groisman et al. (1994), Haeberli and Beniston (1998), Hastenrath (1995), Johannessen et al. (1999), Kaser
(1999), Kratz et al. (2001), Magnuson et al. (2000), Maslanik et al. (1996), Rothrock et al. (1999), Schindler et al. (1990), and Vinnikov et al. (1999); Animals
and Plants—Barber et al. (2000), Bergmann (1999), Bezzel and Jetz (1995), Bradley et al. (1999), Brown et al. (1999), Crick and Sparks (1999), Crick et al.
(1997), Cunningham and Moors (1994), Dunn and Winkler (1999), Ellis (1997), Ellis et al. (1997), Fleming and Tatchell (1995), Forchhammer et al. (1998),
Fraser et al. (1992), Gatter (1992), Grabherr et al. (1994), Hasenauer et al. (1999), Jarvinen (1994), Loeb et al. (1997), Ludwichowski (1997), Mason (1995),
McCleery and Perrins (1998), Menzel and Fabian (1999), Pauli et al. (1996), Parmesan (1996, 2001), Parmesan et al. (1999), Post and Stenseth (1999), Post et
al. (1997), Pounds et al. (1999), Ross et al. (1994), Sagarin et al. (1999), Slater (1999), Smith (1994), Smith et al. (1999), Sparks (1999), Thomas and Lennon
(1999), Visser et al. (1998), Winkel and Hudde (1996, 1997), Zhou et al. (1995).
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19.2.2.1. Hydrology

The hydrological cycleis expected to respond to regional climate
warming through changesin the energy balance of glaciersand
the depth and extent of snow cover, earlier snowmelt runoff,
seasonal changes in freezing and thawing of lakes and rivers,
and intensification of precipitation and evaporative processes.
For the most part, evidence of regional climate change impacts
on elements of the hydrological cycleis consistent with expected
responses to warming temperatures and intensification of
hydrological regimes (see Chapters 4 and 5, and TAR WGI).

Evidence for such changesin the 20th century includesrecession
of glaciers on all continents (e.g., Hastenrath, 1995; Ames and
Hastenrath, 1996; Dowdeswell et al., 1997; Dyurgerov and
Meier, 1997; Haeberli and Beniston, 1998; Greene et al., 1999;
Kaser, 1999; Krabill et al., 1999; Serreze et al., 2001). There
have been decreasesin the extent of snow cover (10% sincethe
late 1960s and 1970s) in the northern hemisphere (e.g., Groisman
et al., 1994; Serrezeet al., 2001). Since the late 1940s, snowmelt
and runoff have occurred increasingly earlier in northern and
central California (Dettinger and Cayan, 1995). Annual duration
of lake- and river-ice cover in the middle and high latitudes of
the northern hemisphere has been reduced by about 2 weeks
and is more variable (Schindler et al., 1990; Magnuson et al.,
2000; Kratz et al., 2001).

Also reported is increased frequency of extreme rainfal in the
middle and high latitudes of the northern hemisphere, including
the United States (Karl and Knight, 1998), the UK (Osborn et
al., 2000), and most extratropical land areas except China
(Groisman et al., 1999).

19.2.2.2. Terrestrial Ecosystems

Ecological theory predicts severa types of species and
community responses to changing regional climate in plants
and animals: changes in ecosystem structure and dynamics,
including shiftsin ranges and distributions; atered phenology;
effects on physiology; and genetic evolutionary responses (see
Chapters 2 and 5). Changes in disturbance (e.g., fires, wind
damage) also may be occurring but are not included in this
review (see Chapters 5 and 6). Evidence from plants and
animals documents all of these types of ecological responses
to regiona warming, especially poleward and elevational shifts
in speciesranges and earlier timing of reproduction. Reviews of
recent changesin biological systems aso have documented
examples of these different types of responses, consistent with
process-level understanding (Hughes, 2000).

19.2.2.2.1. egetation

Much of the evidence of vegetation change relating to regional
climate change comes from responses to warming at high-
latitude and high-altitude environments, where confounding
factors such as land-use change may be minimized and where

\Vulnerability to Climate Change and Reasons for Concern: A Synthesis

climate signals may be strongest (see TAR WGI Chapter 12).
Increasesin species richness were found at 21 of 30 high
summits in the Alps; remaining summits exhibited stagnation
or a dlight decrease (Grabherr et al., 1994; Pauli et al., 1996).
However, Kérner (1999) suggests that grazing, tourism, and
nitrogen deposition may be contributing to such observed
migrations. Hasenauer et al. (1999) found significant increases
in diameter increments of Norway spruce across Austria related
to increased temperatures from 1961 to 1990. In North America,
Barber et al. (2000) linked reduced growth of Alaskan white
spruce to temperature-induced drought stress, and Hamburg and
Cogbhill (1988) propose that historical declinesin red sprucein
the northeastern United States are related to climatic warming,
possibly aggravated by pollution and pathogen factors.

In more temperate ecosystems, Bradley et al. (1999) documented
phenological advances in flowering date in 10 herbaceous and
tree species and no change in 26 such species related to local
warming in southern Wisconsin over the periods 1936-1947
and 1976-1998. Menzel and Fabian (1999) document extension
of the growing season for 12 tree and shrub species at a
network of sites throughout Europe, which they attribute to
warming temperature. Alward and Detling (1999) found
reorganization of a shortgrass steppe ecosystem in a semi-
arid sitein Colorado related to increased spring minimum
temperatures, although the responses of C; and C, species did
not occur as expected.

Regarding regional changes in precipitation—which are much
more uncertain with regard to future climate—reorganization
of a semi-arid ecosystem in Arizona, including increases in
woody shrubs, has been associated with increases in winter
precipitation (Brown et al., 1997); retraction of mesic species
to areas of higher rainfall and lower temperature has been
attributed to along-term decline in rainfall in the West African
Sahel (Gonzalez, 2001).

19.2.2.2.2. Animals

Temperature change-related effects in animals have been
documented within all major taxonomic groups (amphibians,
birds, insects, mammals, reptiles, and invertebrates) and on all
continents (see Chapter 5). Terrestrial evidence in animals that
follows process-level understanding of responses to warming
includes poleward and elevational changesin spatid distribution,
alterationsin species abundance and diversity, earlier phenology
(including advancesin timing of reproduction), and physiological
and genetic adaptations.

Poleward and elevationa shifts associated with regional warming
have been documented in the ranges of North American,
British, and European butterfly species (Parmesan, 1996; Ellis,
1997; Ellis et al., 1997; Parmesan et al., 1999), birds (Thomas
and Lennon, 1999), and insects (Fleming and Tatchell, 1995).
Prop et al. (1998) found that increasing spring temperatures
and changes in agricultural practices in Norway have alowed
barnacle geese (Branta leucopsis) to move northward and
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invade active agricultural areas. Changes in species distribution
and abundance of amphibians, birds, and reptilesin Costa Rica
have been associated with changing patterns of dry-season mist
frequency and Pacific sea-surface temperatures (SST) (Pounds
etal., 1999; Still et al., 1999).

Earlier timing of reproduction has been found for many bird
species (Mason, 1995; Crick et al., 1997, McCleery and
Perrins, 1998; Crick and Sparks, 1999; Slater, 1999) and
amphibians (Beebee, 1995; Reading, 1998) in the UK and
Europe (Winkel and Hudde, 1996, 1997; L udwichowski, 1997,
Forchhammer et al., 1998; Visser et al., 1998; Bergmann,
1999). Zhou et al. (1995) found awarming trend in the spring
to be associated with earlier aphid flightsin the UK. Alsointhe
UK, Sparks (1999) has associated arriva times of bird migration
to warmer spring temperature. Bezzel and Jetz (1995) and
Gatter (1992) document delays in the autumn migratory period
in the Alps and Germany, respectively.

In North America, Brown et al. (1999) document earlier egg-
laying in Mexican jays (Aphelocoma ultramarina) associated
with significant trends toward increased monthly minimum
temperaturesin Arizona. Dunn and Winkler (1999) found that the
egg-laying date of North American tree swallows advanced by as
much as 9 days, associated with increasing air temperatures at the
time of breeding. Bradley et al. (1999) document phenological
advances in arrival dates for migratory birds in southern
Wisconsin, associated with earlier icemelt of alocal lake and
higher spring temperature.

Post et al. (1997) and Post and Stenseth (1999) document
differential selection of body size in red deer throughout
Norway from 1965 to 1995. Male red deer have been getting
larger and females smaller, correlated with warming trends and
variations in the North Atlantic Oscillation (NAQO). Post and
Stenseth (1999) also report on the interactions of plant phenology,
northern ungulates (red deer, reindeer, moose, white-tailed deer,
musk oxen, caribou, and Soay sheep), and the NAO. Jarvinen
(1994) found that increased mean spring temperatures in
Finnish Lapland are associated with mean egg volume of the
pied flycatcher. De Jong and Brakefield (1998) found shiftsin
color patterns (black with red spots versus red with black spots),
most likely related to thermal budgets of ladybird beetles
(Adalia bipunctata) in The Netherlands, coinciding with an
increasein local ambient spring temperatures. The potentia for
rapid adaptive responses and their genetic costs to populations
has been studied by Rodriguez-Trelles and Rodriguez (1998),
who found microevolution and loss of chromosomal diversity in
Drosophila in northwestern Spain as the local climate warmed.

19.2.2.3. Coastal Zones and Marine Ecosystems

In coastal zones and marine ecosystems, there is evidence of
changes in physical and biological systems associated with
regiona trendsin climate, especialy warming of air temperatures
and SST (see Chapters 4, 5, and 6). However, separating
out responses of marine ecosystems to variability caused by
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large-scale ocean-atmosphere phenomena, such as ENSO
and NAO, from regional climate changes is a challenge (e.g.,
Southward et al., 1995; McGowan et al., 1998, 1999; Sagarin
et al., 1999). Variations caused by ENSO and NAO per se are
not considered climate change, but multi-decadal trends of
change in ENSO or NAO frequency and intensity are climate
changes, according to the IPCC definition.

19.2.2.3.1. Physical processes

Changes in the physical systems of coastal zones related to
regional warming trends include trends in sea ice and coastal
erosion. Since the 1950s, Arctic sea-ice extent has declined by
about 10-15%; in recent decades, there has been about a 40%
decline in Arctic sea-ice thickness during late summer to early
autumn and a considerably slower decline in winter (e.g.,
Maslanik et al., 1996; Cavalieri et al., 1997; Johannessen et al .,
1999; Rothrock et al., 1999; Vinnikov et al., 1999; Serreze et
al., 2001). No significant trends in Antarctic sea-ice extent are
apparent (see TAR WGI).

19.2.2.3.2. Marine ecosystems

Evidence from marine ecosystems documents changesin species
abundance and diversity and spatial distributions associated
with air and ocean temperature rises (Chapters 5 and 6). Several

studies document changes from the Antarctic region: Increases
in chinstrap (Pygoscelis antarctica) penguins, stability or slow

declinesin Adelie (Pygoscelis adeliae) penguins, and declines

in rockhopper penguins in recent decades are attributed in part
to differential responsesto warming climate conditions that are
altering bird habitats (Fraser et al., 1992; Cunningham and Moors,

1994; Smith et al., 1999). Loeb et al. (1997) report effects on
the Antarctic food web resulting from decreased frequency of

winters with extensive sea-ice development; krill abundance is
positively correlated with searice extent, and salp abundanceis
negatively correlated. Smith (1994) reports a significant and
relatively rapid increase in the numbers of individuals and
populations of the only two native Antarctic vascular plant species
at two widely separated localities in the maritime Antarctic.

Increases in abundance of southern macroinvertebrate species
and declinesin northern speciesin arocky intertidal community
on the California coast are consistent with recent climate
warming (Sagarin et al., 1999). Warming annual temperature
has been suggested as a possible cause of increasesin abundance
of plankton in the German Bight, but numerous factors,
including regional eutrophication, aso have been noted (Greve
et al., 1996). Lehman (2000) found that the distribution of
phytoplankton biomass in northern San Francisco Bay Estuary
was influenced by environmental conditions resulting from an
interdecadal climate regime shift between 1975 and 1993;
precipitation regimes were primarily implicated, with water
temperatures also playing an important role. Ross et al. (1994)
document the loss of low-elevation pine forests in the Florida
Keys because of rising sea level.
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19.2.2.4. Socioeconomic Systems

Evidence of observed impacts of regional climate changes from
socioeconomic systems is much sparser than from physical
and biological systems, and methodologically it is much
more difficult to separate climate effects from other factors
such as technological change and economic development,
given the complexities of these systems. Vulnerability to
climate change and climate variability is a function of
exposure and adaptive capacity (see Chapter 18). Exposure
varies from region to region, sector to sector, and community
to community, and adaptive capacity may be even more
variable. The adaptive capacity of socioeconomic systems
also contributes to the difficulty of documenting effects of
regional climate changes; observable effects may be adaptations
to a climate change rather than direct impacts. Evidence of
observed adaptation of many of these systems to multiple
stresses, including climate variability, suggests that
complexities inherent in socioeconomic systems could be a
source of resilience, with potential for beneficial adaptations
in some cases. Studies that have explored some of these
complex relationships are briefly reviewed in the following
subsections, but they are not included in the summary
tabulation or figure.

19.2.2.4.1. Agriculture and commercial fisheries

It has been proposed that observed impacts of changes in
regional climate warming that are relevant to agriculture are
related to increasing yield trends in Australia, lengthening
growing seasons at high latitudes, improved wine quality in
California, and expansion and advanced phenologies of
agricultural pests. However, links between changesin regional
climate variables and such changes are hard to prove because
agriculture is a multifactored biophysical and socioeconomic
system (see Chapter 5).

Nicholls (1997) analyzed Australian wheat yields from 1952 to
1992 and concluded that climate trends appear to be responsible
for 30-50% of observed increases, with increases in minimum
temperatures (decreases in frosts) the dominant influence
(Nicholls, 1997); this conclusion has been questioned, however,
by Godden et al. (1998) and Gifford et al. (1998). Possible
confounding socioeconomic factors in identifying the effects
of climate change on crop yields are responses of farmers to
growing conditions (e.g., farmers may increase fertilizer
application in good years, thereby exaggerating the impact of
climate variables on yield), technological progress, changesin
market structure, and changes in agricultural subsidies. Crop
responses to increasing atmospheric CO, concentrations also
may affect yield trends.

Carter (1998) found that the growing season in the Nordic
region (Iceland, Denmark, Norway, Sweden, and Finland)
lengthened between 1890 and 1995 at all sites except Iceland,
with likely but undocumented impacts on crop phenologies and
timing of farm operations.
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Nemani et al. (2001) relate warming at night and during spring
in California over the period 1951-1997 (especially since
1976) to improved vintage quantity and quality.

Recent expansion and advances in insect phenologies may be
associated with regional increases in mean or minimum
temperatures (e.g., advances in flight phenology of aphid
species in Britain) (Fleming and Tatchell, 1995; Zhou et al.,
1995). Such increases in insect pests may be contributing to
agricultural losses at least partially related to recent climate
trends, but these effects have not been examined analytically.

Some changes in marine and coastal ecosystems have links to
commercial fisheries, but it is difficult to separate regional
climate effects from human use of fish stocks (see Chapter 6).
Recent warming trends and coincident overfishing and
eutrophication have been noted in the English Channel and
North Sea, with potential future consequences for fish of high
mass-market value (e.g., haddock, cod, plaice, lemon-sole cod—
Southward et al., 1995; O’Brien et al., 2000). Diminished krill
supplies in the Antarctic associated with decreases in annual
searice cover and warmer air temperature documented by Loeb
et al. (1997) between 1976 and 1996 may have long-term
negative effects on upper tropic levels, affecting commercial
harvests. These observations, in part, have prompted the
Commission for the Conservation of Antarctic Marine Living
Resources (CCAMLR) to request updated krill data currently
used in krill management. CCAMLR manages and sets limits
on theinternational harvest of Antarctic krill (Loebet al., 1997).

19.2.2.4.2. Energy, industry, human settlements,
and financial and insurance services

Associations between regiona climate trends and impacts
related to energy, industry, and human settlements are sparse.
One documented example israpid coastal retreat along ice-rich
coasts of the Beaufort Seain northwestern Canada (Dallimore
et al., 1996). Where communities are located in ice-rich terrain
aong the shore, warmer temperatures combined with increased
shoreline erosion can have a very severe impact (see Chapter 6).

Determining the relationship between regional climate trends
and impacts relating to financial and insurance servicesis
difficult because of concurrent changes in population growth,
economic development, and urbanization. Trends have been
analyzed regarding increased damages by flooding and
droughts in some locations. Global direct losses resulting from
large weather-related disasters have increased in recent decades
(see Chapter 8). Socioeconomic factors such as increased
coverage againgt losses account for part of these trends; in some
regions, increases in floods, hailstorms, droughts, subsidence,
and wind-related events also may be partly responsible (see
Chapter 8). Attribution is still unclear, however, and there are
regional differences in the balance of these two causes.
Hurricane and flood damages in the United States have been
studied by Changnon et al. (1997), Changnon (1998), and
Pielke and Downton (2001). Pielke and Downton (2001) found
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that increases in recent decadesin total flooding damage in the
United States are related to climate factors and societal factors:
increased precipitation and increasing population and wealth.
Hurricane damages, on the other hand, are unaffected by observed
climate change (Changnon et al., 1997; Changnon, 1998).

19.2.2.4.3. Human health

Thereislittle evidence that recent trendsin regiond climates have
affected health outcomes in human populations (see Chapter 9).
This could reflect alack of such effects to date or difficulty in
detecting them against a noisy background containing other
more potent influences on health (Kovats et al., 1999). The
causation of most human health disorders is multifactorial, and
the socioeconomic, demographic, and environmental context
varies constantly. With respect to infectious diseases, for
example, no single epidemiological study has clearly related
recent climate trends to a particular disease.

Various studies of the correlation between interannual fluctuetions
in climatic conditions and the occurrence of malaria, dengue,
cholera, and several other infectious diseases have been
reported. Pascual et al. (2000) report a relationship between
cholera and El Nifio events. Such studies confirm the climate
sensitivity of many infectious diseases, but they do not provide
quantitative information about the impact of decadal-level
climate change. Fingerprint studies examine the patterns of
collocated change in infectious diseases and their vectors (if
applicable) in smpler physical and ecological systems. Thisis
an exercise in pattern recognition across qualitatively different
systems.

One example is the set of competing explanations for recent
increasesin malariain the highlands (see Chapter 9). A fingerprint
study has hypothesized possible connections of plant and insect
data, glacier observations, and temperature records to global
climate change in high-altitude locations, with implications for
patterns of mosquito-borne diseases (Epstein et al., 1998).
L oevinsohn (1994) notes a connection between climate warming
and increased rainfal with increased malariaincidence in Rwanda,
whereas Mouchet et al. (1998) emphasizes the importance of
nonwarming factors (e.g., land-use change in response to
population growth, climate variability related to ENSO) in
explaining variations in malariain Africa

Changes in disease vectors (e.g., mosquitoes, ticks) are likely
to be detected before changes in human disease outcomes.
Furthermore, a change in vector does not necessarily entail an
increase in health impacts because of simultaneous processes
related to the disease itself and the human population at risk.
For example, the presence or absence of sanitation systems,
vaccination programs, adequate nutritional conditions, animal
husbandry, irrigation, and land-use management influences
whether the presence of a disease in wild vectors leads to
disease outbreaks in human populations. The effects of changes
in frequency of extreme events may entail changes in health
impacts, but these have not been documented to date.
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19.2.3. Conclusions

Statistically significant associations between trendsin regional
climate and impacts have been documented in ~100 physical
processes and ~450 biological species or communitiesin
terrestrial and polar environments. More than 90% of the changes
(~99% physical, ~80% biophysical) documented worldwide
are consistent with how physical and biological processes are
known to respond to climate. There are systematic trends of
ecologica change across major taxonomic groups (amphibians,
birds, insects, mammals, reptiles, and invertebrates) inhabiting
diverse climatic zones and habitats. The overall processes and
patterns of observations reveal a widespread and coherent
impact of 20th-century climate changes on many physical and
biological systems (see Figure 19-2).

Expected directions of change relating to regiona climate
warming for physical systems have been reported in studies
documenting shrinkage of glaciers, decreases in snow cover,
shortening of duration of lake- and river-ice cover, declinesin
sea-ice extent and thickness, lengthening of frost-free seasons,
and intensification of the hydrologica cycle. Expected directions
of change relating to regional climate warming for biological
systems have been reported in studies documenting poleward
and elevational shiftsin distribution and earlier phenology (i.e.,
earlier breeding, emergence, flowering) in plant and animal
species.

In general, geographic patterns of responses also conform to
expectations relating to regional climate change, as opposed to
aternative explanations. Reported cases of observed impacts
are concentrated in high-latitude and high-altitude physical and
biological systems and tend to be in regions where observed
regional warming has been greatest and confounding factors
often are at least partially minimized. Although land-use change,
pollution, and biotic invasions are widespread anthropogenic
influences, they are unlikely to cause the spatial patterns (e.g.,
skewed poleward and elevational range shifts) and tempora
patterns (e.q., earlier breeding and flowering) that are documented
over the set of reported studies.

The sample of studies shown in Figure 19-2 was drawn from a
literature survey with keywords relating to climate trends and
observed trends in impacts. The time period of most of the
studies includes the recent warm period beginning in the late
1970s. The geographical distribution of studiesto dateis biased
toward Europe and North America but does include evidence
of observed impacts of regiona climate change rdating to physical
processes from all continents. The spottiness of biological
evidence in other regions may indicate that observed impacts
of regional climate change are not occurring, have not yet
been detected, or are being masked by other changes, such as
urbanization. Many studies include multiple species and report
on the number of species that responded to regional climate
changes as expected, not as expected, or exhibited no change.
Most of the biophysical studiesincluded in Figure 19-2 report on
statistical tests of trendsin climate variable, trendsin observed
impacts, and relationships between the two (see Chapter 5).
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In Figure 19-2, ~16 studies examining glaciers, seaice, snow-
cover extent/snowmelt, or ice on lakes or streams at more than
150 sites were selected. Of these ~150 sites, 67% (~100) show
change in one or more variable(s) over time. Of these ~100
sites, about 99% exhibit trends in a direction that is expected,
given scientific understanding of known mechanisms that
relate temperatures to physical processes that affect change in
that variable. The probability that this proportion of siteswould
show directional changes by chance is much less than 0.00001.

There are preliminary indications that some social and economic
systems have been affected in part by 20th-century regional
climate changes (e.g., increased damages from flooding and
droughts in some locations). It generally is difficult to separate
climate change effects from coincident or aternative explanations
for such observed regional impacts. Evidence from studies
relating regiona climate change impacts on socioeconomic
systems has been reviewed but is not included in the summary
figure because of the complexities inherent in those systems.

The effects of regiona climate change observed to date provide
information about the potential vulnerability of physical,
biological, and socioeconomic systems to climate change in
terms of exposure, sensitivity, and adaptive capacity. Some of
the observed effects are adaptations. In some cases, observed
impacts are large relative to the levels of regional climate
changes (e.g., large changes in ecosystem dynamics with small
changesin regiond climate). In general, observations of impacts
agree with predictions that estimate more serious impacts at
higher GHG concentrations because the greater regional climate
changes are associated with stronger impacts.

Relating the observed impacts summarized here to the reasons
for concern analyzed in this chapter, we find the following:

1) Thereispreliminary evidence that unique and threatened
systems are beginning to be affected by regional climate
change (e.g., glaciers, polar environments, rare species).

2) With regard to the distributional effects of observed
impacts relating to regional climate changes, most
evidence to date comes from high-latitude and high-
altitude environments, where regional warming has
been and is expected to be more pronounced.

3) Aggregate impacts of regiona climate changes at the
global level are difficult to define, except in sectorsin
which there is a common metric, as in market sectors.
The many simultaneous factors and varying adaptive
capacities make extracting aggregate effects attributable
to observed climate change difficult. What can be stated
in summary regarding the diverse set of impacts reported
to date is that there are cases of observed impacts in
many diverse environments; that they occur in a wide
array of processes, species, and ecosystems; and that
the overall patterns and processes reveal a coherent
impact of 20th-century climate changes on many
physical and biological systems.

4) Impacts of extreme events have been implicated in
many of the observations summarized in this section,
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including increases in extreme precipitation events in
some locations.

5) Thereis no current evidence in observed impacts that
large-scale abrupt changes aready are occurring. Yet,
paleoclimate evidence (see TAR WGI Chapter 2)
shows that such changes have occurred in physical and
biological systems in the past and therefore may occur
with a continuation of the current warming trend.

19.3. Impactson Unique and Threatened Systems

19.3.1. What are Unique and Threatened Systems?

Unique systems are restricted to arelatively narrow geographical
range but can affect other entities beyond their range. Indeed,
many unique systems have global significance. The fact that
these unique entities are restricted geographically points to
their sensitivity to environmental variables, including climate,
and therefore attests to their potential vulnerability to climate
change.

Identification of these unique entities provides the first reason
for concern regarding vulnerability to climate change. In this
section, we provide examples of unique entities that are likely
to be threatened by future changes in climate. From those
treated by WGII, we address physical, biological, and human
systems. We offer a few examples in each system: tropical
glaciers, cora reefs, mangrove ecosystems, biodiversity “hot
spots,” ecotones, and indigenous communities. These are meant
only as illustrative examples, there are many unique and
threatened entities. Table 19-1 lists some unique and potentially
threatened systemsin relation to climate change threshol ds that
may cause adverse effects. Table 19-2 lists some of the unique
and threatened systems that are discussed elsewherein the TAR.

19.3.2. Physical Systems

Anumber of physical systems are threatened by climate change.
Among the most prominent are those in regions dominated by
cold temperatures, such as glaciers. Many glaciers aready are
receding, and many are threatened by climate change. Other
physical systems, such as small lakes in areas that will
become drier (see Chapter 4), also are threatened by climate
change. Changes in unique physical systems can have serious
consequences for unique biological and human systems.

19.3.2.1. Tropical Glaciers

Tropical glaciers are present on several mountains in Asia,
Africa, and Latin America. These glaciers are valuable
because, among other reasons, they are amajor source of water
for people living below them. For example, through a network
of mountain streams, meltwater of the Himalayan glaciers
contributes a sizeable portion of river flows to the Ganges,
Brahmaputra, Indus, and other river systems in south Asia
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Table 19-1: Vulnerability of wildlife to climate change (compiled from Chapter 5).

Geographic Area I mpact Vulnerableto

Most continents, marine,

polar regions

Most continents, marine,

polar regions

Sunderbans, Bangladesh

Caribbean, South Pacific

Islands
Marine

Galapagos, Ecuador,
Latin America

Africa

Monteverde Reserve,
CostaRica

Norway

Australia

United Kingdom

Scotland

Isle Royale National
Park, United States

Western Antarctic
Peninsula

Northern Hemisphere

Great Plains, USA, and

Canada

Africaand Australia

Africaand Australia

— Poleward/elevational shiftsin ranges — Already observed in many species in response

to regiona climate change

— Shiftsin phenology (e.g., breeding, arrival
dates, flowering)

— Already observed in response to regional
climate change

— Loss of only remaining habitat of Royal — Sealevel rise
Bengal tiger
— Habitat loss, direct mortality of birds — Hurricanes

— Reproductive failure in seabirds — Increased sea-surface temperature (ENSO)

— Reduced surviva of iguanas — ENSO

— Reduced overwinter survival of palearctic
migratory birds

— Extreme drought in the Sahel

— Extirpation of some cloud forest reptiles and
amphibians (already has occurred), elevational
shift in some birds

— ENSO, warming, increased frequency of dry
Season mist

— Poleward shift of spring range of barnacles — Increase in number of April and May days
geese with temperatures above 6°C

— Susceptibility of quokka to salmonella — Environmental conditions
infections

— Earlier hatching of spittlebugs — Winter-warmed (3°C) grassland plots
(experimental)

— Faster growth in juvenilered deer, leadingto  — Warmer springs
increased body size

— Increased wolf pack size, increased moose — Reduction in winter snow cover

mortality, greater growth of understory balsam

fir

— Reductionsin Adelie penguin populations,
increases in chinstrap penguin populations

— Increased midwinter surface air temperature,
reductions in pack ice, increased snowfall

— Increased winter survival of some boreal
insect pests

— Increased nighttime winter temperatures
— Reductions in waterfowl breeding populations — Increased drought

as aresult of wetland loss
— Wetland loss — Increased drought

— Reduced populations of some mammals — Increased drought
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Table 19-1 (continued)

Vulnerability to Climate Change and Reasons for Concern: A Synthesis

Geographic Area I mpact

Vulnerableto

— Climate change

— Increased temperatures, snowfall, shiftsin
precipitation timing
— Climate change leading to habitat change

— Sea-level risetied to 2°C temperature
increase

Canada — Loss of 60% of available habitat (habitat
migration blocked by Arctic Ocean)

USA and Canada — Reductions in populations of caribou

Mexico — Loss of wintering habitat for eastern population
of monarch butterfly

USA — Loss of migratory shorebird habitat

Arctic — Reduced habitat availahility and accessibility

hampering migration and survival of polar

— Increased temperatures, changing sea-ice
regimes

bears, muskox, caribou, and some birds

United Kingdom
reserves within 3040 years

— Loss of habitat in 10% of designated nature

— Climate change

Similarly, snow accumulates in winter in the high parts of the
cordillerain Peru and melts during summer, becoming the main
source of water for many riversin Latin America (see Section
14.1.3.1.1). In addition, glaciers act as buffers that regulate
runoff water supply from mountains to plains during dry and
wet spells. Thus, tropical glaciers are instrumental in securing
agricultural productivity and livelihoods and provide cultural
inspiration for millions of people who live remote from their
Sources.

Because of the narrow range of ambient temperatures in the
tropics, tropical glaciers are more sengitive to climate change
than glaciers elsewhere (see Section 4.3.11). Indeed, records
spanning several decades show accelerated retreat of several
Himalayan and other tropical glaciers (see Section 11.2.1.2).

In the transient phase of melting, increasing discharge will
generate floods in the mountains and immediate vicinity,
increased siltation of rivers, and larger sediment load in dams
and reservoirs. Riparian mountain ecosystems will be impacted
during their dry seasons—in the transient phase by a significant
increment of downstream flow, as well as following the transient
phase—by significant reduction of this flow. These changes
will have tangible economic and cultural implications (see
Section 11.2.1.2). This example of atropical unique entity
provides an “early warning” for nontropical glaciers and their
potential impacts.

19.3.3. Biological Systems
Asdiscussed in Section 19.2, change in climate already appears

to be affecting many biological systems. Continued climate
changes can threaten alarge number of unique biological sygems.

This section identifies specific characteristics of some of the
most unique and threatened systems, which explain why many
are at risk from climate change. In addition, some specific
examples of unique and threatened biological systems are
presented. Many others also are threatened by climate change;
these are discussed in detail in other chapters of this report.
Examples of natura systems that may be threatened include
montane ecosystems that are restricted to upper 200-300 m of
mountainous areas, prairie wetlands, remnant native grassands,
coldwater and some coolwater fish habitat, ecosystems that
overlie permafrogt, and ice-edge ecosystems that provide habitat
for polar bears and penguins. Examples of species that may be
threatened by changesin climate include forest birdsin Tanzania,
the resplendent quetzal in Central America, the mountain gorilla
in Africa, amphibians that are endemic to the cloud forests of
the neotropics, and the spectacled bear of the Andes.

19.3.3.1. Risksto Species and Ecosystems

Laboratory and field studies have demongtrated that climate plays
astrong role in limiting the ranges of species and ecosystems.
Species already are responding to changes in regional climate,
with altered population sizes and breeding times or flowering
dates that occur earlier in the season (see Chapter 5). These
responses suggest that many unique species will undergo
complex changes with afew degrees of warming, which could
lead to extinction in many locations. Such species can be found
across various regions (see Table 19-1). Other chaptersin this
report list many examples (see Table 19-2). However, projecting
possible responses of wild animal and plant speciesis extremely
difficult for most species because there are many possible
biological interactions and confounding factors, such as habitat
destruction and invasive species.
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Table 19-2: Threatened and unique entities identified in WGII TAR.

Chapter

Entity

4. Water Resources
Lake

— Endorheic lakes: Caspian and Aral Seas, Lake Balkash, Lake Chad, Lake Titicaca, Great Salt

— Glaciers (in general, no particular reference)

5. Ecosystems and
Their Services

— Some butterfly speciesin United States and Europe
— Leadbetters's possum in Australia

— Cape Floral Kingdom, South Africa

6. Coastal Zonesand
Marine Ecosystems

— Coral reefs

7. Human Settlements

— Coastal settlements along North Sea coast in northwest Europe, the Seychelles, parts of

Micronesia, Gulf Coast of United States and Mexico, Nile delta, and Bay of Bengal

— Alpine ecosystems, snow and glaciers in New Zealand, wetlands in Kakadu National Park,

10. Africa — Cape Floral Kingdom and Succulent Karoo
11. Asia — Biodiversity of Lake Baikal
— Glaciersin the Tianshan, Hindukush Himalayas, permafrost in Tibet
— Mangroves
12. Australasia
Queengland fruit fly
— Indigenous communities
13. Europe — Snowpack and permafrost in the mountains

14. Latin America — Mountain glaciers

15. North America — Mountain glaciers
— Sardine population
— Indigenous communities

16. Polar Regions
(Arctic and Antarctic)

— Indigenous communities

17. Small I1sland States — Mangroves and seagrass beds

— Coral reefs

Species that make up anatural community, however, most likely
will not shift together (Davis, 1986; Overpeck et al., 1994,
Root, 2000). This could bresk apart established natura
communities and create newly evolving assemblages.
Depending on the magnitude and duration of the environmental
disturbance, some or all individuals of agiven species may shift
out of an area. This, in turn, can cause aloca (or even the overal)
population size to decline. Superimposed on these potential
changes are those caused by land-use change, which frequently
fragments populations into patches throughout their ranges.

Species with wide nonpatchy ranges, rapid digpersal mechanisms,
and alarge population normally are not in danger of extinction
[e.g., European house sparrow (Passer domesticus) and many
weedy plant species]. Those with narrow patchy ranges and

small populations frequently are endangered and may require
management for survival [e.g., most crane species (Gruidea
spp.)]. In summary, species tend to become rarer when ranges
shift from wide to narrow, available habitat becomes patchier,
and population size declines (Huntley et al., 1997). Indeed, a
speciesis likely to become extinct if it is forced into a narrow
patchy range and its population declines—a probability that is
enhanced when environmental disturbances such as climate
change, along with companion transient changes, occur.

Even when conservation management of rare speciesis effective,
survival still may be problematic because in a small population,
genetically similar individuals may breed, which decreases
genetic variability. This, in turn, may reduce adaptability to
stresses, thereby further lowering population size and decreasing
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the types of habitat within which the species could survive.
Environmental catastrophes such as hurricanes, oil spills, extreme
temperatures, and drought can trigger the extinction of even
well-managed rare species. The only way to reduce the risk of
extinction brought about by catastrophesisto increase population
sizes and maintain corridors between isolated populations.

19.3.3.2. Biodiversity Hot Soots

Biodiversity “hot spots’ are areas that feature exceptiona
concentrations of species, including many endemic species.
Unfortunately, many such hot spots also experience large
habitat losses. In addition to a hot spot’ s economic, social, and
cultural significance to local people, the uniqueness of its
biodiversity and its high share of global biodiversity give the
hot spot a globa value. Thus, biodiversity hot spots qualify as
unique and threatened entities.

Myers et al. (2000) define a hot spot as an area featuring a
biogeographic unit that contains at least 0.5% of the world's
300,000 vascular plant species as endemics and has lost 70%
or more of its primary vegetation. Table 19-3 shows that two-
thirds of the hot spots listed in Myers et al. (2000) are in the
tropics, some of which have the highest percentage of global
plants (6.7%) and as much as 28% of area of habitat with
primary vegetation. Arctic and boreal biomes, however—
which are devoid of hot spots—will have the greatest changes
in temperature and precipitation by 2100, whereas the exposure
of nearly all hot spotsto aglobal change of 4°C and/or 30% of
precipitation is ranked only 3 (on a 1 to 5 scale proposed by
Sala et al., 2000). With respect to biome-specific exposure,
climate is expected to warm most dramatically at high latitudes,
change least in the tropics, and show intermediate changes in
other biomes. Indeed, Table 19-3 shows that the tropical hot
spots are least vulnerable to climate change and elevated CO,
(0.12 and 0.10, respectively, on a scale of 0 to 1), whereas the
eight Mediterranean and savanna hot spots are at least twice as
vulnerable (0.24 and 0.30 for climate change and elevated
CO,, respectively—Sala et al., 2000).
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The Cape Floral Kingdom (also called the Cape Floristic
Province) and the adjacent succulent Karoo in South Africaare
examples of Mediterranean and savanna biodiversity hot spots
that very much qualify as unique and threatened entities. The
Cape Floral Kingdom is sixth in the world in plant richness of
species (5,682 endemic species—Cowling and Hilton-Taylor,
1997). These hotspots are vulnerable for the following reasons:

e Their mountains have no permanent snow cover to which
high montane species can retreat as climate warms.

*  Montane endemic plants already are concentrated near
the peaks, with little or no possibility for atitudinal
expansion.

» Endemics are concentrated in the southwestern corner
of Africa, with no possibility for latitudinal shifts
farther south (except for the extreme southern tip of the
continent, which is intensively farmed).

e Increased frequency of fires and drought will affect
many short-lived and fire-sensitive species; seedlings
that germinate after fires will be exposed to successively
more extreme climate conditions.

The succulent Karoo floramay be effectively lost with a mean
annual temperature increase of 3-4°C (Rutherford et al., 1999),

owing to changing fire regimes, loss of specialist pollinators,

and increased frequency of drought. Tropic hot spots that are not
as sensitive as the Cape Floral Kingdom also will be seriously
affected if other anthropogenic drivers act synergistically (Sala
et al., 2000). Thus, although the hot spot analysis (Myerset al.,

2000) indicates that much of the problem of current and

projected mass extinction could be countered by protection of

the 25 hot spots, the ability of these hot spots to be sources of

biodiversity is threatened by climate change.

19.3.3.3. Ecotones
Ecotones are transition areas between adjacent but different

environments: habitats, ecosystems, landscapes, biomes, or
ecoclimatic regions (Risser, 1993). Ecotones that are unique

Table 19-3: Sensitivity of biodiversity hot spots (Myers et al., 2000; Sala et al., 2000).

% of
Remaining Impact by 2100 Effect by 2100
% of Habitatswith (of alarge change (expected changein
Number of Global Primary in driver, scale 1-5) driver x impact, scale 0-1)
Hotspots Plants Vegetation of climate of elevated of climate  of elevated
Biome Biome (range) (range) change CO, change CO,
Tropical forests 15 0.5-6.7 3-28 3 1 0.12 0.10
Mediterranean 5 0.74.3 5-30 3 2 0.24 0.20
Savanna, grassland 3 0.6-1.5 20-27 3 3 0.23 0.30
North temperate forest 2 0.5-1.2 8-10 2 15 0.17 0.15
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entities in the context of climate change are transition zones
between ecoclimatic regions. Ecotones have narrow spatia extent,
a steep ecologica gradient and hence high species richness
(Risser, 1993), a unique species combination, genetically unique
populations (Lesicaand Allendorf, 1994), and high intra-species
genetic diversity (Safriel et al., 1994).

Ecotones affect distant and larger aress. They regulate interactions
between biomes by modifying flows between them (Johnston,
1993; Risser, 1993); they generate evolutionary diversity (Lesica
and Allendorf, 1994); and they serve as repositories of genetic
diversity to be used for rehabilitation of ecosystemsin adjacent
ecoclimatic regions if and when these ecosystems lose species
because of climate change (see Section 11.3.2.2.2; Volis et al .,
1998; Kark et al., 1999). Conservation of ecotone biodiversity
thereforeis an adaptation. Finally, although ecological changes
in response to climate change will occur everywhere, the
signals will be detectable first in ecotones (Neilson, 1993).
This sensitivity makes them indicators that provide early
warning for other regions (Risser, 1993).

Although ecotones are unique in provision of climate change-
related services, they are threatened. Conservation traditionally
isaimed at “prime” core areas of biomes rather than ecotones.
Even conservation efforts that are directed at ecotones may not
suffice, however: 47—77% of the areas of biosphere reserves are
predicted to experience change in ecosystem types, compared to
only 39-55% of thetotal global terrestrial areathat will undergo
such changes (Leemans and Halpin, 1992; Halpin, 1997).

An example of a threatened ecotone is the desert/nondesert
ecoclimatic transition zone—the semi-arid drylands sandwiched
between arid and the dry subhumid drylands (Middleton and
Thomas, 1997). Semi-arid drylands are prone to desertification,
expressed as irreversible loss of soil productivity because of
topsoil erosion (see Section 11.2.1.4). Already affected by
extreme soil degradation are 67 Mha of semi-arid drylands
(2.9% of globa semi-arid area)—nearly as much as affected dry-
subhumid drylands (28 Mha, 2.2%) and arid drylands (43 Mha,
2.7%—Middleton and Thomas, 1997). This degradation is
destroying the habitats of the biodiversity assets of these
ecotones, including those to be conserved as an adaptation to
climate change (Safriel, 1999a,b).

Climate change is expected to exacerbate desertification (see
Section 11.2.1.4; Schlesinger et al., 1990; Middleton and Thomas,
1997). Reduced precipitation and increased evapotranspiration
will change ecotones spatial features (e.g., coalescence of
patches at one side and increased fragmentation at the other—
Neilson, 1993). Furthermore, overexploitation of vegetation
that is typical in semi-arid drylands (UNDP, 1998; ICCD,
1999), in synergy with climate change, will further increase
habitat 1oss and hence loss of biodiversity, ecosystem services,
and the potential for adaptation. Similar synergies between
climate change effects and other anthropogenic impacts are
projected for alpine ecotones (Rusek, 1993). To conclude,
ecotones between biomes and within climatic transition areas
are unique entities; they are important for monitoring climate
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change and for adapting to climate change, yet they are
highly threatened by climate change interacting with other
anthropogenic stresses.

19.3.3.4. Coral Reefs

Coral reefs are restricted to narrow latitudinal, horizontal, and
vertical ranges along the tropical continental shelves. Their
contribution to global coastal biodiversity is disproportionate
to their spatial extent: Although they cover lessthan 1% of the
world's oceans, they are inhabited by one-third of globally
known marine species (Reaka-Kudla, 1996). Cora reefs have
far-reaching effects; they are nurseries for many ocean fish
species, and they protect coastlines from wave impact and erosion
(see Section 11.2.4.3). Thus, fisheries, tourism, infrastructures,
societies, and cultures depend on the well-being of this unique
entity that is impacted by increased temperature, atmospheric
CO,, and sealevel, synergistically combined with anthropogenic
stresses that are independent of climate change.

Many reef-building coral species aready live close to their
upper thermal limit (see Section 6.4.5). If they are exposed to
moderate increases (1-2°C) in water temperature, they become
stressed and experience bleaching (Goreau et al., 1998; Hoegh-
Guldberg, 1999). The increasing frequency of coral bleaching
events during the past decade provides a reason for concern
for this warming-induced impact (see Section 12.4.2.3). For
example, 50-90% bleaching-induced mortality in the Indian
Ocean reefs was associated with a 2-6°C above-normal sea-
surface maximum triggered by El Nifio during 1997-1998;
several other severe bleaching events occurred in the 1982-1983
and 1987 El Nifio years (Glynn, 1991; Wilkinson et al., 1999;
see Figure 19-3).

Defining the upper thermal thresholds of corals and using global
warming scenarios, Hoegh-Guldberg (1999) found that the
frequency of bleaching is expected to rise until they become
annual events in most oceans (at about a 1°C warming). In
some areas, bleaching events would happen more frequently as
early as 2020 (with less than 0.5°C warming); within the next
30-50 years, bleaching could be triggered by normal seasonal
changes in seawater temperature, and most regions may
experience severe bleaching conditions every year. Thistrend
exceeds the frequency at which corals can effectively recover
from bleaching-related mortality (Hoegh-Guldberg, 1999).

Besides the detrimental effect of temperature rise, increased
atmospheric CO, concentrations reduce coral calcification rates
(Gattuso et al., 1999; Kleypas et al., 1999; see Sections 6.4.5
and 12.4.1.6), which already might have decreased and could
decrease an additional 10-30% by 2100 (see Chapter 6). A
10-20% decrease in calcium carbonate production may impair
expansion of cora reefs into higher latitudes as a response to
predicted increasing SST (Kleypas et al., 1999). Healthy reef
flats may benefit from projected increased sea level because
they would be able to keep up with the projected rise in sea
level. However, any increase in the frequency of El Nifio and



934 Vulnerability to Climate Change and Reasons for Concern: A Synthesis

120° E 180° 120°W 60°W 0° 60°E

oy

N -

R [

60°N < P

30°N

&

0°

30°S

60°S

v apron reef A fringing reef

Cross section

ground plan

A barrier reef

coral reef

)

T

O atoll + isolated reef

@ severe bleaching @ recognized bleaching

O no recognition

[ margind area [ core area

Figure 19-3: Bleaching of coral reefs reported from 1997 to 1998 (Mimura and Harasawa, 2000).

other ocean-atmosphere interactions, such as Indian Ocean
dipole events, will lead to regular and prolonged sea-level
depressions (1040 cm) in the western Pacific and eastern
Indian Ocean, with adverse effects on shalow reefs in their
regions (see Chapter 6).

19.3.3.5. Mangrove Ecosystems

Mangrove ecosystems resemble coral reefs in that they have a
narrow global distribution: They cover 11,500 km2 in al of
Australia, and the largest mangrove forest in the world—the
Sundarbans of Bangladesh and India—covers 6,000 km? (see
Section 11.2.4.1). Y et they have arich biodiversity and a
significant effect on adjacent and distant systems. Mangroves
are made up of salt-adapted, intertidal evergreen trees on low-
energy, sedimentary tropical shorelines, extending landward in
lagoons, estuary margins, and tidal rivers (see Sections 6.4.4
and 11.2.4.1).

Mangrove ecosystems are highly vulnerable to sea-level rise
induced by climate change, which will change the salinity
distribution and inundate mangroves. For example, a 45-cm
rise could inundate 75% of the Sundarbans (see Section11.4.1);

a 1-m rise will completely inundate the Sundarbans (see
Section 11.2.1.6). In addition, redistribution of species whose
habitats will be affected by inundation may be impaired
because migration, especially to the north, will be blocked by
human settlements. Loss of productivity, species, and ecosystem
goods and services therefore is expected. Climate change
effects will be further exacerbated, and vulnerability to climate
change will increase human-induced damage. For example,
between 56 and 75% of different Asian mangrove forests have
been lost during the 20th century because of overexploitation
and replacement by aguaculture installations (see Section
11.1.3.1). Like the Sundarbans, the Port Royal mangrove
wetland in Jamaica may completely collapse with a 1-m sea-
level rise (see Section 17.2.4.2).

On the other hand, although mangroves are vulnerable, some
may be adaptable to climate change (see Section 12.4.1.6)
because they could survive in areas where vertical accretion
equals sea-leve rise. Because sediment flux determines mangrove
response to sea-level rise and fluxes vary between regions and
locations, the fate of the world’ s mangrove ecosystemswill not
be uniform (see Section 6.4.4). Yet even where accretion will
offset sea-level rise, any infrastructure will limit the potential
for landward migration of coastal mangrove species and habitats
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(see Section 6.2). Thus, at least some if not many of theworld’'s
mangrove ecosystems are unique and threatened entities.

19.3.4. Human Systems

Some human systems a so are unique and threatened by climate
change. These tend to be poor and isolated communities that
are tied to specific locations or ecosystems. Among the unique
and threatened human systems are some small island states and
indigenous communities.

19.3.4.1. Threatened Small Island States

Because of their low elevation and small size, many small
isand states are threatened with partial or virtually tota
inundation by future rises in sea level. In addition, increased
intensity or frequency of cyclones could harm many of these
isands. The existence or well-being of many small island
states is threatened by climate change and sea-level rise over
the next century and beyond.

Many small island states—especially the atoll nations of the
Pacific and Indian Oceans—are among the most vulnerable to
climate change, seasonal-to-interannual climate variability, and
sea-level rise. Much of their critical infrastructure and many
socioeconomic activities tend to be located along the coastline—
in many cases at or close to present sea level (Nurse, 1992;
Pernetta, 1992; Hay and Kaluwin, 1993). Coastal erosion, saline
intrusion, sea flooding, and land-based pollution aready are
serious problemsin many of these islands. Among these factors,
sea-level rise will pose a serious threat to the ecosystems,
economy, and, in some cases, existence of many small island
states. It is estimated that 30% of known threatened plant
species are endemic to such islands, and 23% of bird species
found on these islands are threatened (Nurse et al., 1998).
Projected future climate change and sea-level rise will lead to
shifts in species composition (see Chapter 17).

Many small island nations are only afew meters above present
sea level. These states may face serious threat of permanent
inundation from sea-level rise. Among the most vulnerable of
these island states are the Marshall Islands, Kiribati, Tuvalu,
Tonga, the Federated States of Micronesia, and the Cook
Islands (in the Pecific Ocean); Antigua and Nevis (in the
Caribbean Sea); and the Maldives (in the Indian Ocean). Small
island states may face the following types of impacts from sea-
level rise and climate change (Gaffin, 1997; Nurse et al.,
1998):

* Increased coastal erosion

e Changes in aquifer volume and water quality with
increased salineintrusion

e Cord reef deterioration resulting from sea-level rise and
thermal stress

e Outmigration caused by permanent inundation

e Social instability related to inter-island migration
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*  Lossof income resulting from negative effects on tourist
industry

* Increased vulnerability of human settlement due to
decreasein land area

* Loss of agriculture and vegetation.

Gaffin (1997) concludes that without planned adaptation, the
vulnerabilities of small island states are as follows:

* An 80-cm sea-leve rise could inundate two-thirds of
the Marshall Islands and Kiribati.2

e A 90-cm sealevel rise could cause 85% of Male, the
capital of the Madives, to beinundated (Pernetta, 1989).

19.3.4.2. Indigenous Communities

Indigenous people often live in harsh climatic environments to
which their culture and traditions are well adapted. Indigenous
people generally have low incomes and inhabit isolated rural
environments and low-lying margins of large towns and
cities. Therefore, they are more exposed to social problems of
economic insecurity, inadequate water supplies, and lower health
standards (see Sections 12.2.5 and 15.3.2.8). These inadequacies
in social safety netsindeed put them at greater risk of climate-
related disasters and their effects (see Section 12.7.2.4).

For many reasons, indigenous communities are unique and
threatened by climate change. First, they are more vulnerable
to climate-related disasters such as storms, floods, and
droughts because of inadequate structural protection measures
and services, as well as to any increase in the prevalence of
pests and diseases—especialy vector-borne, respiratory, or
otherwise infectious diseases (Woodward et al., 1998; Braaf,
1999). Second, their lifestyles are tied to current climate and
vegetation and wildlife. Third, changes in current climate
could threaten these lifestyles and would present these peoples
with difficult choices concerning their future.

Native peoplesin the Mackenzie basin in Canada are an example
of an indigenous community that is threatened by climate
change (Cohen 1994, 1996, 1997a,b,c). The Mackenzie basinis
awatershed that extends from the mid-latitudes to the subarctic
in northwest Canada. Over the past 35 years, the area has been
experiencing a rapid temperature increase of about 1°C per
decade. The changes in temperature also are changing the
landscape of the basin as permafrost melts, landslides and forest
firesincrease, and water levels are lowered.

For the native people in the basin, wildlife is the important
natural resource; it is harvested by hunting, fishing, and trapping.
Itiscritically important in economic terms—primarily as a source
of food, income, and traditional clothing—but inseparable
from the cultural importance for maintaining traditional systems

2The estimate of land loss based on a 1-m sea-level rise, resulting in
80% island losses (IPCC, 1996).
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of knowledge and identity (Pinter, 1997). As noted, changesin
the climate in the basin would have substantial impacts on water
resources and vegetation. Changesin forest fire frequencieswould
lead to cumulative impacts on wildlife, including terrestrial,
aquatic, and bird species. For example, because of a decrease
in water availability, muskrats already have disappeared from
the Peace Athabasca delta (Pinter, 1997). In this area, trapping
once was amagjor industry, but this economic activity has now
disappeared. Thus, changes in ecosystem resource bases will
have direct impacts on native lifestyles in the Mackenzie basin
(Cohen et al., 1997a).

Some important changes are expected in native lifestylesin the
Mackenzie Basin regardless of climate change. For example,
an increasing number of people will seek their livelihoods in
the wage economy, and migration to other areas will intensify.
These changes could result in a decline in cultural values and
heritage that are thousands of years old. If climate change
adversely affects the lifestyle of the indigenous community,
this decline could be accelerated.

19.3.5. Conclusions

There are many unique and threatened systems distributed over
various regions of the world. Although they are restricted to
relatively narrow geographical ranges, they can affect other
entities beyond their range. The existence or functioning of
some of these systems is threatened by a small temperature
change; the existence or functioning of many others will be
threatened by a medium to large temperature change. These
effects include impacts such as loss of many species and
ecosystems, disappearance of tropical glaciers, damageto coral
reefs, inundation of some low-lying islands, loss of coastal
wetlands, and potential harm to aboriginal societies and their
cultures.

Many of these systems already are stressed by devel opment,
including pollution, habitat destruction, encroachment for
expansion of human habitation, and overextraction of natural
resources. The combination of climate change and societal
development puts these systems at greater risk. In some cases,
climate change hastens the destruction of these systems; in
other cases it may result in the destruction of systems that
could survive societal stresses aone (e.g., small idand states
and some mangrove ecosystems such as the Sundarbans).

Removing societal stresses and managing resources in a
sustainable manner may help some unique and threatened
systems cope better with climate change.

19.4. Distribution of Impacts

Asecond reason for concern is the distribution of impacts among
people and across regions. The impacts of climate change will
not be distributed equally. Some individuals, sectors, systems,
and regions will be less affected—or may even benefit; other
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individuals, sectors, systems, and regions may suffer significant
losses. This pattern of relative benefits or lossesis not likely to
remain constant over time. It will be different with different
magnitudes of climate change. Some regions may have gains
only for certain changes in temperature and precipitation and
not for others. As aresult, some regions that may first see
net benefits eventually may face losses as well as the climate
continues to warm.

19.4.1. Analysisof Distributional Incidence: State of the Art

Research into the distribution of impacts of climate changeisin
itsinfancy, in large measure because this research poses several
methodological challenges.

A first difficulty is synthesis—the need to reduce the complex
pattern of individual impacts to a more tractable set of regional
or sectoral indicators. The challenge is to identify a set of
indicators that can summarize and make comparable the impacts
in different regions, sectors, or systemsin a meaningful way.A
range of indicators and methods have been put forward. Many
models use physical measures such as the number of people
affected (e.g., Hoozemans et al., 1993), change in net primary
productivity (NPP) (Whiteet al., 1999), or the number of systems
undergoing change (e.g., Alcamo et al., 1995).

The most widespread numeraire, however, is economic cost
(Nordhaus, 1991, 1994a; Cline, 1992; Hohmeyer and Gaertner,
1992; Titus, 1992; Downing et al., 1995, 1996; Fankhauser, 1995;
Tol, 1995; Mendelsohn and Neumann, 1999). This numeraire
is particularly well-suited to measure market impacts—that is,
impacts that are linked to market transactions and directly
affect GDP (i.e., a country’s national accounts). The costs of
sea-level rise, for example, can be expressed as the capital cost
of protection plus the economic value of land and structures at
lossor at risk; agricultural impacts can be expressed as costs or
benefits to producers and consumers, including the incremental
costs of adaptation. Using a monetary numeraire to express
nonmarket impacts such as effects on ecosystems or human
health is more difficult. It is possible in principle, however.
Thereis a broad and established literature on valuation theory
and its application, including studies (mostly in a nonclimate
change context) on the monetary value of lower mortality risk,
ecosystems, quality of life, and so forth. However, economic
valuation can be controversial and requires sophisticated analys's,
which still is mostly lacking in a climate change context.

Physical metrics—such as NPP or percentage of systems
affected—on the other hand, are best suited for natural systems.
When they are applied to systems under human management,
they suffer from being poorly linked to human welfare, the
ultimate indicator of concern. Some researchers therefore
recommend different numeraires for market impacts, mortality,
ecosystems, qudlity of life, and equity (Schneider et al., 2000b).
They recognize, however, that finad comparisons across different
numeraires nonethel ess are required; they regard thisasthejob
of policymakers, however.
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Persistent knowledge gaps is a second source of difficulty.
Distributional analysis depends heavily on the geographical
details of climate change, but these details are one of the major
uncertainties in the outputs of climate change models. Thisis
particularly true for estimates of precipitation; for example,
estimates of water-sector impact can vary widely depending on
the choice of GCM.3 Uncertainties continue at the level of
impact analysis. Despite a growing number of country-level
case studies, our knowledge of local impactsis still too uneven
and incomplete for a careful, detailed comparison across regions.
Furthermore, differences in assumptions often make it difficult
to compare case studies across countries. Only afew studiestry
to provide a coherent global picture on the basis of auniform set
of assumptions. The basis of most such globa impact assessments
tends to be studies undertaken in developed countries—often
the United States—which are then extrapolated to other regions.
Such extrapolation is difficult and will be successful only if
regional circumstances are carefully taken into account, including
differencesin geography, level of development, value systems,
and adaptive capacity. Not al analyses are equally careful in
undertaking this task.

There are other shortcomings that affect the quality of analysis.
Although our understanding of the vulnerability of developed
countries isimproving—at least with respect to market impacts—
information about developing countries is quite limited.
Nonmarket damages, indirect effects (e.g.,the effect of changed
agricultural output on the food-processing industry), the link
between market and nonmarket effects (e.g., how the loss of
ecosystem functions will affect GDP), and the sociopolitical
implications of change also are still poorly understood.
Uncertainty, transient effects (the impact of a changing rather
than a changed and static climate), and the influence of climate
variahility are other factors that deserve more attention.
Because of these knowledge gaps, distributional analysis hasto
rely on (difficult) expert judgment and extrapolation if it is to
provide a comprehensive picture.

Athird problem is adaptation. There has been substantial progress
in the treatment of adaptation since the SAR, but adaptation is
difficult to capture adequately in an impact assessment.
Adaptation will entail complex behavioral, technological, and
institutional adjustments at al levels of society, and the capacity
to undertake them will vary considerably (see Chapter 18).
Various approaches are used to model adaptation (e.g., spatial
analogs, microeconomic modeling), but they are prone to
systematic errors about its effectiveness. The standard approach
used in coastal impact assessment and in many agricultural models
is to include in the analysis a limited number of “prominent”

3For example, Frederick and Schwarz (1999) found that climate
changes estimated in the southeastern United States in the 2030s
under the Canadian Climate Centre scenario result in an estimated
US$100 hillion yr-1 in damages. This estimate may be the result of
internal model variability and does not fully account for adaptive
responses or lower damages from reduced flood risks. Nonetheless,
it demonstrates the high sensitivity of water resources to extreme
changesin climate.
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Box 19-2. The Impact of Climate Change
on Coastal Zones

The impact of sea-level rise has been widely studied for
many parts of the world. Although uncertainties remain,
severa generic conclusions can be drawn. First,
impacts will not be distributed evenly. Islands and
deltas are particularly vulnerable. Second, forward-
looking and sustainable economic development, coupled
with efficient adaptation (mostly protection of vulnerable
shores), can significantly reduce the economic impact
of sea-level rise. Some analysts have even found that
coastal vulnerability may decreaseif the rate of economic
development is sufficiently high and climate change
sufficiently slow. However, not al countries will be
able to undertake the necessary adaptation investments
without outside financial assistance, and uncertainty
about sea levels (e.g., asaresult of storm surges) may
make it difficult to identify efficient policies. Third,
coastal wetlands can cope with arelatively modest rate
of searlevel rise, but not with afast one. Additional
wetlands could be lost if their migration is blocked by
hard structures built to protect developed coastal areas.
Fourth, most of the impact will not be through gradual
sea-level rise but through extreme events such as floods
and storms. This makes people without insurance or a
strong social network especially vulnerable. Thus, asa
whole, sea-level rise is likely to have strong negative
effects on some people, even if the aggregate impact is
limited. Fifth, the aggregate impact of sea-level rise
could be roughly proportional to the observed rise. At a
local scale, however, sea-level rise is more likely to be
felt through successive crossings of thresholds.

but ultimately arbitrary adaptations. This underestimates adaptive
capacity because many potentially effective adaptations are
excluded (Tol et al., 1998). On the other hand, approaches that
are based on analogs—such as the Ricardian approach used by,
for example, Mendelsohn et al. (1994), Mendelsohn and Dinar
(1998), and Darwin (1999)—probably overestimate adaptive
capacity because they neglect the cost of transition and learning.
Thisisespecialy true for casesin which adaptation in developed
countries today is used as a proxy for worldwide adaptation to
an uncertain future climate. Only a very few studies model
adaptation as an optimization process in which agents trade off
the costs and benefits of different adaptation options (Fankhauser,
1995; Yohe et al., 1995, 1996).

The analysisis further complicated by the strong link between
adaptation and other socioeconomic trends. The world will change
substantially in the future, and this will affect vulnerability to
climate change. For example, a successful effort to roll back
malaria (as promoted by the development community) could
reduce the negative hedlth effects of climate change. On the other
hand, growing pressure on natural resources from unsustainable
economic development is likely to exacerbate the impacts of
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climate change on natural systems. Even without explicit
adaptation, impact assessments therefore depend on the “type”
of socioeconomic development expected in the future. The
sensitivity of estimates to such baseline trends can be strong
enough in some cases to reverse the sign (i.e., a potentialy
negative impact can become positive under a suitable devel opment
path, or vice versa) (Mendelsohn and Neumann, 1999).

Despite the limitsin knowledge, afew general patterns emerge
with regard to the distribution of climate change impacts. These
patterns are derived from general principles, observations of
past vulnerabilities, and limited modeling studies.

19.4.2. Distribution of I mpacts by Sector

Susceptibility to climate change differs across sectors and
regions. A clear exampleis sea-level rise, which mostly affects
coastal zones (see Box 19-2). People living in the coastal zone
generally will be negatively affected by sea-level rise, but the
numbers of people differ by region. For example, Nicholls et
al. (1999) found that under a sea-level rise of about 40 cm by
the 2080s, assuming increased coastal protection, 55 million
people would be flooded annually in south Asia; 21 million in
southeast Asia, the Philippines, Indonesia, and New Guinezg;
14 millionin Africa; and 3 million in the rest of the world. The
relative impacts in small island states also are significant (see
Section 19.3). In addition, the Atlantic coast of North and Central
America, the Mediterranean, and the Baltic are projected to have
the greatest loss of wetlands. Inland areas face only secondary
effects—which, unlike the negative primary effects, may be
either negative or positive (Yohe et al., 1996; Darwin and Tol,
2001).

Agriculture, to turn to another example, is a major economic
sector in some countries and a small one in others. Agriculture
is one of the sectors that is most susceptible to climate change,
so countries with alarge portion of the economy in agriculture
face alarger exposure to climate change than countries with a
lower share, and these shares vary widely. Whereas countries of
the Organisation for Economic Cooperation and Devel opment
(OECD) generate about 2-3% of their GDP from agriculture,
African countries generate 5-58% (WRI, 1998).

Activities at the margin of climatic suitability have the most to
lose from climate change, if local conditions worsen, and the
most to win if conditionsimprove. One example is subsistence
farming under severe water stress—for instance, in semi-arid
regions of Africaor south Asia. A decrease of precipitation, an
increase in evapotranspiration, or higher interannual variability
(particularly longer droughts) could tip the balance from a
mesger livelihood to no livelihood at all, and the unique cultures
often found in marginal areas could be lost. Anincreasein
precipitation, on the other hand, could reduce pressure on
marginal areas. Numerous modeling studies of shifts in
production of global agriculture—including Kane et al. (1992),
Rosenzweig and Parry (1994), Darwin et al. (1995), Leemans
(1997), Parry et al. (1999), and Darwin (1999)—have estimated
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Box 19-3. The Impact of Climate Change
on Agriculture

The pressures of climate change on the world's food
system are better understood than most other impacts.
Research has focused on crop yields; on the basis of
those insights, many studies also look at farm productivity,
and a smaller number look at national and international
agricultural markets.

Climate change is expected to increase yields at higher
latitudes and decrease yields at lower latitudes. Changes
in precipitation, however, also can affect yields and alter
this general pattern locally and regionaly. Studies of
the economic impact of this change (in all cases, climate
change associated with 2xCO,) conclude that the
aggregated global impact on the agricultural sector may
be dightly negative to moderately positive, depending
on underlying assumptions (e.g., Rosenzweig and
Parry, 1994; Darwin, 1999; Parry et al., 1999;
Mendelsohn et al., 2000). Most studies on which these
findings are based include the positive effect of carbon
fertilization but exclude the negative impact of pests,
diseases, and other disturbances related to climate
change (e.g., droughts, water availability). The aggregate
also hides substantial regional differences. Beneficial
effects are expected predominantly in the devel oped world;
strongly negative effects are expected for populations
that are poorly connected to regiona and global trading
systems. Regions that will get drier or aready are quite
hot for agriculture also will suffer, aswill countries that
are less well prepared to adapt (e.g., because of lack of
infrastructure, capital, or education). Losses may occur
even if adaptive capacity is only comparatively weak
because trade patterns will shift in favor of those adapting
best. Overall, climate change is likely to tip agriculture
production in favor of well-to-do and well-fed regions—
which either benefit, under moderate warming, or suffer
less severe losses—at the expense of less-well-to-do
and less well-fed regions. Some studies indicate that
the number of hungry and malnourished people in the
world may increase, because of climate change, by
about 10% relative to the baseline (i.e., an additional
8090 million people) later in the 21st century (e.g.,
Parry et al., 1999).

that production in high-latitude countries is likely to increase
and production in low-latitude countries is likely to decrease,
even though changes in total global output of agriculture could
be small. Resultsin the temperate zone are mixed. Low-latitude
countries tend to be least developed and depend heavily on
subsistence farming. Under current development trends they will
continue to have arelatively high share of GDP in agriculture.
Thus, the impacts of declinesin agricultural output on low-
latitude countries are likely to be proportionately greater than
any gains in high-latitude countries (see Box 19-3).



Vulnerability to Climate Change and Reasons for Concern: A Synthesis

Vulnerahility to the health effects of climate change also differs
acrossregions and within countries, and differencesin adaptive
capacity again are important. Box 19-4 notes that wealthier
countries will be better able to cope with risks to human health
than less wealthy countries. Risks also vary within countries,
however. In acountry such asthe United States, the very young
and the very old are most sensitive to heat waves and cold
spells, so regions with a rapidly growing or rapidly aging
population would have relatively large exposure to potential
health impacts. In addition, poor peoplein weslthy countries may
be more vulnerable to health impacts than those with average
incomes in the same countries. For example, Kalkstein and
Greene (1997) found that in the United States, residents of
inner cities, which have a higher proportion of low-income
people, are at greater risk of heat-stress mortality than others.
Differences among income groups may be more pronounced in
devel oping and transition countries because of the absence of the
elaborate saf ety nets that devel oped countries have constructed
in response to other, nonclimate stresses.

These observations underscore one of the critical insights in
Chapter 18: Adaptive capacity differs considerably between
sectors and systems. The ability to adapt to and cope with climate
change impactsis afunction of wealth, technology, information,
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skills, infrastructure, ingtitutions, equity, empowerment, and
ability to spread risk. The poorest segments of societies are most
vulnerable to climate change. Poverty determines vulnerability
via several mechanisms, principally in access to resources
to allow coping with extreme weather events and through
marginalization from decisionmaking and social security (Kelly
and Adger, 2000). Vulnerability is likely to be differentiated by
gender—for example, through the “feminization of poverty”
brought about by differential gender roles in natural resource
management (Agarwal, 1991). If climate change increases water
scarcity, women are likely to bear the labor and nutritional
impacts.

The suggested distribution of vulnerability to climate change
can be observed clearly in the pattern of vulnerability to natural
disasters (e.g., Burton et al., 1993). The poor are more vulnerable
to natural disasters than the rich because they live in more
hazardous places, have less protection, and have less reserves,
insurance, and alternatives. Adger (1999), for instance, shows
that marginalized populations within coastal communities in
northern Vietnam are more susceptible to the impacts of present-
day weather hazards and that, importantly, the wider policy
context can exacerbate this vulnerability. In the Vietnamese
case, the transition to market-based agriculture has decreased

Box 19-4. The Health Impacts of Climate Change

Global climate change will have diverse impacts on human health—some positive, most negative. Changes in the frequency
and intensity of extreme heat and cold, floods and droughts, and the profile of local air pollution and aeroallergens will
directly affect population health. Other effects on population health will result from the impacts of climate change on
ecological and social systems. These impacts include changes in infectious disease occurrence, local food production and
nutritional adequacy, and the various health consequences of population displacement and economic disruption. Health
impacts will occur very unevenly around the world. In general, rich populations will be better protected against physical
damage, changes in patterns of heat and cold, introduction or spread of infectious diseases, and any adverse changesin

world food supplies.

The geographic range and seasonality of various vector-borne infectious diseases (spread via organisms such as mosquitoes
and ticks) will change, affecting some populations that currently are at the margins of disease distribution. The proportion
of the world’s population living in regions of potential transmission of malaria and dengue fever, for example, will
increase. In areas where the disease currently is present, the seasonal duration of transmission will increase. Decreasesin
transmission may occur where precipitation decreases reduce vector survival, for example.

An increased frequency of heat waves will increase the risk of death and serious illness, principally in older age groups
and the urban poor. The greatest increases in thermal stress are forecast for mid- to high-latitude (temperate) cities,
especially in populations with limited air conditioning. Warmer winters and fewer cold spells, because of climate change,
will decrease cold-related mortality in many temperate countries. Basic research to estimate the aggregate impact of
these changes has yet been limited largely to the United States and parts of Europe. Recent modeling of heat-wave
impacts in 44 U.S. urban populations, allowing for acclimatization, suggests that large U.S. cities may experience, on
average, several hundred extra deaths per summer. Although the impact of climate change on thermal stress-related
mortality in developing country cities may be significant, there has been little research in such populations.

For each anticipated adverse health impact, there isarange of social, ingtitutional, technological, and behaviora adaptation
options that could lessen that impact. The extent to which health care systems will have the capacity to adopt them is
unclear, however, particularly in developing countries. There is a basic and general need for public health infrastructure
(programs, services, surveillance systems) to be strengthened and maintained. The ability of affected communities to
adapt to risks to health also depends on social, political, and economic circumstances.
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the access of the poor to socia safety nets and facilitated the
ability of rich households to overexploit mangroves, which
previously provided protection from storms. Similarly, Mustafa
(1998) demonstrates differentiation of flood hazardsin lowland
Pakistan by social group: Insecure tenure leads to greater
impacts on poorer communities. See Chapter 18 for further
examples. The natural disaster literature aso concludes that
organization, information, and preparation can help mitigate
large damages at a moderate cost (e.g., Burton et al., 1993).
This underscores the need for adaptation, particularly in poor
countries.

19.4.3. Distribution of Total | mpacts
Severa studies have estimated the total impact (aggregated

across sectors) in different regions of the world. Table 19-4
shows aggregate, monetized impact estimates for a doubling of
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atmospheric CO, on the current economy and population from
four studies. Clearly, in all of these studies there are substantial
uncertainties about the total impacts to regions and whether
some regions will have net benefits or net damages at certain
changesin global average temperature. Most studies, however,
show the following:

»  Developing countries, on the whole, are more vulnerable
to climate change than developed countries.

» At low magnitudes of temperature change, damages are
more likely to be mixed across regions, but at higher
magnitudes virtually all regions have net damages.

» The distribution of risk may change a different
changes in temperature.

Developing countries tend to be more vulnerable to climate
change because their economies rely more heavily on climate-
sensitive activities (particularly agriculture), and many aready

Table 19-4: Indicative world impacts, by region (% of current GDP). Estimates are incomplete, and confidence in individual
numbersis very low. Seelist of caveatsin Section 19.4.1. There is a considerable range of uncertainty around estimates. Tol's
(1999a) estimated standard deviations are lower bounds to real uncertainty. Figures are expressed as impacts on a society
with today’ s economic structure, population, laws, etc. Mendelsohn et al. (2000) estimates denote impact on a future economy.
Positive numbers denote benefits; negative numbers denote costs (Pearce et al., 1996; Tol, 1999a; Mendelsohn et al., 2000;

Nordhaus and Boyer, 2000).

IPCC SAR Mendelsohn et al. Nordhaus and Boyer Tol
2.5°C Warming 1.5°C Warming 2.5°C Warming 2.5°C Warming 1°C Warminga
North America 3412
— United States 0.3 -05
OECD Europe 3.7(2.2)
- EU -2.8
OECD Pacific 1.0 (1.1)
— Japan -0.1 -0.5
Eastern Europe/FSU 2.0(3.8)
— Eastern Europe -0.7
— Russia 111 0.7
Middle East -2.00 1.1(2.2)
Latin America -0.1 (0.6)
— Brazil -1.4
South, Southeast Asia -1.7 (1.1)
— India -2.0 -4.9
China 18 -0.2 2.1(5.0)¢c
Africa -3.9 -4.1(2.2)
Developed countries -10to-15 0.12 0.03
Developing countries -2.0t0-9.0 0.05 -0.17
World
— Output weighted -1.5t0-2.0 0.09 0.1 -1.5 2.3(1.0)
— Population weighted -1.9
— Atworld average prices -2.7(0.8)
— Equity weighted 0.2(1.3)

aFigures in brackets denote standard deviations.

b High-income countries in Organization of Petroleum Exporting countries (OPEC).

¢ China, Laos, North Korea, Vietnam.
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operate close to environmental and climatic tolerance levels
(e.g., with respect to coastal and water resources). If current
development trends continue, few developing countries will
have the financial, technical, and institutional capacity and
knowledge base for efficient adaptation (a key reason for higher
health impacts). For temperature increases of less than 2-3°C,
some regions may have net benefits and some may have net
damages. If temperature increases more than 2-3°C, most
regions have net damages, and damagesfor al regionsincrease
at higher changes in global average temperature.

19.5. Aggregate | mpacts

Thethird reason for concern relates to the overdl (i.e., worldwide
or aggregate) economic and ecological implications of climate
change. Numerous studies have addressed aggregate impacts,
particularly in the context of integrated assessment.

19.5.1. Aggregate Analysis: An Assessment

Estimating the aggregate impact of climate change is an
intricate task that requires careful professiona judgment and
skills. Aggregate analysis is based on the same tools as most
distributional analysis and uses regiona data as inputs.
Conseguently, it shares with distributional analysis the
methodological difficulties and shortcomings discussed more
fully in Section 19.4:

»  Choice of an appropriate (set of) numeraire(s) in which
to express impacts

¢ Need to overcome knowledge gaps and scientific
uncertainties to provide a comprehensive picture

« Difficulties in modeling the effects of adaptation

« Difficultiesin forecasting baseline developments (such
as economic and population growth, technical progress).

In addition, analysts have to grapple with some issues that are
generic to aggregate analysis. The most important issue is spatia
and temporal comparison of impacts. Aggregating impacts
requires an understanding of (or assumptions about) the relative
importance of impactsin different sectors, in different regions,
and at different times. Devel oping this understanding implicitly
involves value judgments. Thetask issimplified if impacts can
be expressed in acommon metric, but even then aggregation is
not possible without value judgments. The val ue judgments that
underlie regiona aggregation are discussed and made explicit
in Azar and Sterner (1996), Fankhauser et al. (1997, 1998), and
Azar (1999). Aggregation across time and the issue of discounting
are discussed in more detail in TAR WGI I Chapter 7. Aggregate
impact estimates can be very sensitive to the aggregation
method and the choice of numeraire (see Chapter 1).

All of these factors make aggregate analysis difficult to carry
out and reduce our overall confidence in aggregate results.
Nevertheless, aggregate studies provide important and policy-
relevant information.
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19.5.2. Insightsand Lessons: The Static Picture

Most impact studies assess the consegquences of climate change
at a particular concentration level or a particular point in time,
thereby providing a static “snapshot” of an evolving, dynamic
process. The SAR suggested that the aggregate impact of
2xCO,—expressed in monetary terms—might be equivalent to
1.5-2.0% of world GDP. Estimated damages are dightly lower
(relative to GDP) in developed countries but significantly higher
in developing countries—particularly in small island states
and other highly vulnerable countries, where impacts could be
catastrophic (Pearce et al., 1996). The SAR was careful,
however, to point out the low quality of these numbers and the
many shortcomings of the underlying studies.

Since publication of the SAR, our understanding of aggregate
impacts hasimproved, but it remains limited. Some sectors and
impacts have received more analytical attention than others
and as a result are better understood. Agricultural and coastal
impacts in particular are now well studied (see Boxes 19-2 and
19-3). Knowledge about the health impacts of climate change
alsoisgrowing (see Box 19-4). Severa attempts have been made
to identify other nonmarket impacts, such as changesin aquatic
and terrestrial ecological systems and ecosystem services, but
aclear and consistent quantification has not yet emerged.

Table 19-4 contains asummary of results from aggregate studies
that use money as their numeraire. The numerical results as
such remain speculative, but they can provide insights on signs,
orders of magnitude, and patterns of vulnerability. Results are
difficult to compare because different studies assume different
climate scenarios, make different assumptions about adaptation,
use different regiona disaggregation, and include different
impacts. The estimates by Nordhaus and Boyer (2000), for
example, are more negative than others because they factor in the
possibility of catastrophic impact. The estimates by Mendel sohn
et al. (2000), on the other hand, are driven by optimistic
assumptions about adaptive capacity and baseline devel opment
trends, which result in mostly beneficial impacts.

Standard deviations rarely are reported, but they are likely to
be several times larger than the “best guess.” They are larger
for developing countries, where results generally are derived
through extrapolation rather than direct estimation. This is
illustrated by the standard deviations estimated by Tol (2001b),
also reproduced in Table 19-4. These estimates probably still
underestimate the true uncertainty—for example, because they
exclude omitted impacts and severe climate change scenarios.
Note that the aggregation can mask large standard deviationsin
estimates of damages to individual sectors (Rothman, 2000).

An alternative indicator of climate change impact (excluding
ecosystems) is the number of people affected. Few studies
directly calculate this figure, but it is possible to compare the
population of regions experiencing negative impacts with that
of positively affected regions. Such cal culations suggest that
a majority of people may be negatively affected already at
average global warming of 1-2°C. This may betrue even if the
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net aggregate monetary impact is positive because devel oped
economies, many of which could have positive impacts,
contribute the majority of globa production but account for a
smaller fraction of world population. The quality of estimates of
affected population is still poor, however. They are essentially
“back-of-the envelope” extensions of monetary models, and
the qualifications outlined in that context also apply here. In
addition, they do not consider the distribution of positive and
negative effects within countries.

On thewhole, our confidencein the numerical results of aggregate
studies remains low. Nevertheless, a few generic patterns and
trends are emerging in which we have more confidence:

e Market impacts are estimated to be lower than initialy
thought and in some cases are estimated to be positive,
at least in developed countries. The downward adjustment
is largely aresult of the effect of adaptation, which is
more fully (although far from perfectly) captured in the
latest estimates. Efficient adaptation reduces the net costs
of climate change because the cost of such measures is
lower than the concomitant reduction in impacts.
However, impact uncertainty and lack of capacity may
make efficient and error-free adaptation difficult.

*  Nonmarket impacts are likely to be pronounced, and
many (but not all) of the effects that have not yet been
guantified could be negative. In particular, there is
concern about the impact on human health and mortality.
Although few studies have taken adequate account of
adaptation, the literature suggests substantial negative
health impacts in developing countries, mainly because
of insufficient basic headlth care (e.g., Martens et al.,
1997). There also is concern about the impact on water
resources (e.g., Arnell, 1999; Frederick and Schwarz,
1999) and ecosystems (e.g., Markham, 1996; White et
al., 1999).

* “Horizontal” interlinkages such asthe interplay between
different impact categories (e.g., water supply and
agriculture), the effect of stressfactorsthat are not related
to climate, adaptation, and exogenous development trends
are crucia determinants of impact but have not been
fully considered in many studies.

e Estimates of globa impact are sensitive to the way
numbers are aggregated. Because the most severe impacts
are expected in developing countries, aggregate impacts
are more severe and thus more weight is assigned to
developing countries. Using a simple summing of
impacts, some studies estimate small net positive
impacts at a few degrees of warming; others estimate
small net negative impacts. Net aggregate benefits do
not preclude the possibility that a mgjority of people
will be negatively affected—some of them severely so.

Overadl, the current generation of aggregate estimates may
understate the true cost of climate change because they tend to
ignore extreme weather events, underestimate the compounding
effect of multiple stresses, and ignore the costs of transition
and learning. However, studies also may have overlooked

Vulnerability to Climate Change and Reasons for Concern: A Synthesis

positive impacts of climate change. Our current understanding
of (future) adaptive capacity, particularly in developing countries,
istoo limited, and the treatment of adaptation in current studies
istoo varied, to allow afirm conclusion about the direction of
the estimation bias.

19.5.3. Insightsand Lessons: Vulnerability over Time

One of the main challenges of impact assessments is to move
from the static analysis of certain benchmarks to a dynamic
representation of impacts as a function of shifting climatic
parameters, adaptation measures, and exogenous trends such as
economic and population growth. Little progress has been
made in this respect, and our understanding of the time path
that aggregate impactswill follow under different warming and
development scenarios till is extremely limited. Among the
few explicitly dynamic analyses are Sohngen and Mendelsohn
(1999) and Yohe et al. (1996).

Some information about impacts over time is available for
individual sectors. Scenarios derived from |AMs can provide
comprehensive emissions, concentrations, and climate change
estimates that can be linked to impact models. Table 19-5
summarizes estimates of global ecosystem impacts that were
derived from such amodel (IMAGE 2.1—L eemanset al., 1998;
Swart et al., 1998). The metric used is percentage change. The
exampleillustrates the clearly nonlinear dynamics of nonmarket
impacts with different pathways for positive (escalating) and
negative (saturating) impacts. The impact levels in this model
evolve gradually, and there are impacts even at low levels of
climate change. Although this finding is consistent with
observed change (see Section 19.2), it is sensitive to the choice
of metric. White et al. (1999), for example, found that carbon
storage in terrestrial vegetation would expand under moderate
warming because increases in productivity are enough to
offset reductions elsewhere. They show that as higher GHG
concentrations and magnitudes of climate change are reached,
carbon storage eventually will decline.

Littleis known about the shape of the aggregate impact function.
Dynamic functions remain highly speculative et this point because
the underlying models provide only a very rough reflection of
real-world complexities. Figure 19-4 provides examples from
three studies. Although some analysts still work with relatively
smooth impact functions (e.g., Nordhaus and Boyer, 2000),
there is growing recognition (e.g., Mendelsohn and Schlesinger,
1997; Tol, 2001c) that climate change dynamics in fact might
be more complex and may not follow a monotonic path.
Generic patterns that are emerging include the following:

e Moderate climate change may have positive and negative
effects, with most positive effects occurring in the
market sector of developed countries. For higher levels
of warming, impacts are likely to become predominantly
negative. However, the overal pattern iscomplex, estimates
remain uncertain, and the possibility of highly deleterious
outcomes cannot be excluded (medium confidence).
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Table 19-5: Aggregate impact of climate change on ecosystems (Swart et al., 1998). See also list of caveats in Section 19.4.1.

Scenario

Impact Indicator 0.5°C 1.0°C 15°C 2.0°C 25°C 3.0°C
Temperate ceredls, areaexperiencing

— Yield decrease2 12 16 18 20 20 22

— Yield increasea 2 3 4 8 12 15
Maize, land area experiencing

— Yield decrease2 13 18 22 26 29 33

— Yield increasea 2 4 6 9 13 17
Change in natural vegetationP 11 19 26 32 37 43
Endangered nature reservese 9 17 24 32 37 42

a Yield decrease and increase are percentage area with at least 10% change in potential rainfed yield. Reference areais current crop area
b Change in natural vegetation is percentage of land area that shifts from one vegetation type to another. Reference areaiis global land area.
¢ Endangered nature reserves are percentage of reserves, where original vegetation disappears, so that conservation objectives cannot be met. Reference is total

reserve number.

* Impactsin different sectors may unfold along different
paths. Coastal impacts, for example, are expected to
grow continuoudly over time, more or lessin proportion
totherisein sealevel. The prospects for agriculture, by
contrast, are more complex. Whereas some models predict
aggregate damages already for moderate warming, many
studies suggest that under some (but not all) scenarios
the impact curve might be hump-shaped, with short-
term (aggregate) benefits under modest climate change
turning into losses under more substantial change (e.g.,
Mendelsohn and Schlesinger, 1997) (low confidence).

Aggregating intertemporal impacts into a single indicator is
extremely difficult, perhaps elusive. The marginal damages
caused by 1t of CO, emissionsin the near future were estimated
inthe SAR at US$5-125t-1 C. Most estimates are in the lower
part of that range; higher estimates occur only through the
combination of high vulnerability with alow discount rate (see
Pearce et al., 1996). Plambeck and Hope (1996), Eyre et al.
(1997), and Tol (1999a) have since reassessed the marginal
costs of GHG emissions. Performing extensive sensitivity and
uncertainty analyses, they arrive at essentialy the same range
of numbers as Pearce et al. (1996). In the complex dynamics
that determine marginal damage costs, the more optimistic
estimates of market damages used in recent studies are balanced
out by other factors such as higher nonmarket impacts and a
better capture of uncertainties. Overall, the SAR assessment
till isagood reflection of our understanding of marginal damage
costs; our confidence in margina damage numbers remains
very low.

19.5.4. Sensitivity of Aggregate Estimates

At atime when the quality of numerical results till islow, a
key benefit of aggregate impact analysis liesin the insights it

provides regarding the sensitivity of impacts. Sensitivity
analysis offers critical information about attributes of the
damage function that are likely to be most influential for the
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Figure 19-4: Monetary impacts as a function of level of
climate change (measured as percentage of global GDP).
Although there is confidence that higher magnitudes and
rates of increase in global mean temperature will lead to
increasing damages, there is uncertainty about whether
aggregate damages are positive or negative at relatively low
increases in global mean temperature.
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choice of policy and, by implication, where additional climate
change impacts research is most needed.

19.5.4.1. Composition of Impact Function

Most aggregate analysis is based on IAMs (see Chapter 2).
Impact functions used in lAMs vary greatly with respect to
the level of modeling sophistication, the degree of regional
aggregation, the choice of numeraire, and other characteristics
(see Tol and Fankhauser, 1998). Many models have used
monetary terms (e.g., U.S. dollars) to measure impacts. Spatialy
detailed models (e.g., Alcamo et al., 1998) pay some attention
to unique ecosystems. Disruptive climate changes have
received little attention, except for a survey of expert opinions
(Nordhaus, 1994b) and analytical work (e.g., Gjerde et al.,
1999). Some climate change impact studies restrict themselves
to sectors and countries that are relatively well studied (e.g.,
Mende sohn and Neumann, 1999). Otherstry to be comprehensive,
despite the additiond uncertainties (e.g., Hohmeyer and Gaertner,
1992). Some studies rely on an aggregate description of all
climate change impacts for the world as awhole (e.g., Nordhaus,
19943). Other studies disaggregate impacts with substantial
gpatial and regiond detail (e.g., Alcamoet al., 1998). The aggregate
approaches tend to point out implications for efficiency and in
practice often ignore equity (see Tol, 2001a, for an exception).
The detailed approaches tend to identify distributional issues,

25 A
- = - Linear
— Cubic
20 —— Hockey-Stick 4

[mpact

0 1 2 3 4 5
Global Mean Temperature (°C)

Figure 19-5: Aggregate impact of climate change as afunction
of global mean temperature. Displayed are hypothetical
examples of alinear function, which assumes that impacts are
proportional to temperature change since preindustrial times,
a cubic function, which assumes that impacts are proportional
to temperature change to the power of three; and a hockey-
stick function, which assumes that impacts are approximately
proportional to temperature change until a critical threshold is
approached. Aggregate damage functions used in integrated
assessments are mostly illustrative. They should be regarded
as “placeholders’ that will be replaced by more accurate
functional forms as our knowledge of impact dynamicsimproves.
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but working out the equity implications typically is left to the
reader.

19.5.4.2. Shape of Damage Function

Most impact studies still 1ook at the equilibrium effect of one
particular level of GHG concentration, usually 2xCO,. Full
analysis, however, requiresimpacts to be expressed as afunction
of changein GHG concentrations. With so little information to
estimatethi sfunction, studieshavetorely onsensitivity analyses.
Different damage functions can lead to profoundly different
policy recommendations. Compare, for example, the profile of
impacts under alinear and a cubic damage function (see Figure
19-5). Rdative to the linear specification, a cubic function implies
low near-term impacts but rapidly increasing impacts further in
the future. Using conventiond discounting, this means that early
emissions under a cubic damage function will cause less damage
over their atmospheric lifetime, compared to a scenario with
linear damages. The marginal damage caused by emissions
further in the future, on the other hand, is much higher if we
assume a cubic damage function (Peck and Teisberg, 1994).

Some studies explore the implications of more nonlinear impact
functions. For instance, Manne and Richels (1995) use a“ hockey-
stick” function that suddenly turns upward at arbitrarily chosen
thresholds. Such studies are designed to reflect relatively small
impacts before 2xCO, and rapidly worsening impacts beyond
2xCO,. Inthis analysis, it is economically efficient to stabilize
CO, concentrations, but the desired level of stabilization depends
on the shape of the hockey stick and the location of its kink.
Other analyses, which rely on more linear impact functions,
have difficulty justifying concentration stabilization at any level.

19.5.4.3. Rate of Change

Although most impact studies focus on the level of climate
change, the rate of climate change generaly is believed to be
an important determinant, in many instances because it affects
the time that is available for adaptation. Again, the paucity of
underlying impact studies forces integrated assessors to use
exploratory modding. Under most “ business-as-usua” scenarios,
the rate of climate change is greater in the short run than in the
long run because emissions increase faster in the short run; this
is even more pronounced in emission reduction policy scenarios.
Indeed, in considering the rate of change, tolerable window and
safe-landing analyses (Alcamo and Kreileman, 1996; Toth et al .,
1997; Petschel-Held et al., 1999) often find the rate of change
to be the binding constraint in the first half of the 21st century.

19.5.4.4. Discount Rate and Time Horizon

Aggregate models suggest that the most severe impacts of climate
change will occur further in the future. The chance of large-
scale discontinuities (thermohaline circulation, West Antarctic
ice sheet) also is higher in the future. The outcome of policy
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analysis therefore is sensitive to the weight afforded to events
occurring in the remote future. In other words, estimates are
sensitive to the choice of time horizon (Cline, 1992; Azar and
Sterner, 1996; Hasselmann et al., 1997) and the discount rate
(i.e., the value of future consumption relative to today’ s value).
The literature on discounting is reviewed in Portney and Weyant
(1999) andin TAR WGIII Chapter 7. Numerical analysis (e.g.,
Tol, 1999a) has shown that estimates of marginal damage (i.e.,
the additional damage caused by an extraton of emissions) can
vary by as much as afactor of 10 for different (and reasonable)
assumptions about the discount rate. This makes the discount
rate the second-most important parameter for margina damage.
The most important parameter is the degree of cooperation in
reducing emissions (Nordhaus and Yang, 1996; Tol, 1999b).

19.5.4.5. Welfare Criteria

Comparison of impacts (i.e., the relative weight assigned to
impactsin different regions and at different times) is one of the
most sensitive aspects of aggregate analysis. With the exception
of the discount rate, little explicit attention is paid to this aspect
of climate change impacts, although studies differ considerably
in their implicit assumptions. Fankhauser et al. (1997) and Azar
(1999) are among the few studies that make their aggregation
assumptions explicit. They find that, in general, the higher the
concerns about the distribution of the impacts of climate
change, the more severe the aggregate impacts. Fankhauser’s
(1995) estimate of the annual global damage of 2xCO,, for
instance, is based on the implicit assumption that people are
neutral with respect to distribution (that is, losses to the poor
can be compensated by equal gainsto therich) and risk (that is,
a1:1,000,000 chance of losing $1 million is equivalent to losing
$1 with certainty). Replacing these assumptions with standard
risk aversion or mild inequity aversion, the global damage
estimate increases by about one-third (Fankhauser et al.,
1997). Margina impacts are more sensitive. For the same
changes in assumptions, Tol (1999a) finds athree-fold increase
in the marginal damage estimate. The sensitivity of aggregate
impact estimates is further illustrated in Figure 19-4.

19.5.4.6. The Treatment of Uncertainty

Sensitivity analysis is the standard approach to deal with
impact uncertainty. Some studies, however, have gone one step
further and explicitly model uncertainty as a hedging problem.
The premise underlying these modelsisthat today’ s policymakers
are not required to make once-and-for-all decisions binding their
successors over the next century. There will be opportunities
for mid-course adjustments. Climate negotiations are best
viewed as an ongoing process of “act, then learn.” Today's
decisionmakers, in this view, must aim at evolving an acceptable
hedging strategy that balances the risks of premature actions
against those of waiting too long.

The first step, then, is to determine the sensitivity of today's
decisions to major uncertainties in the greenhouse debate. How
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important isit to be able to predict impacts for the second half
of this century? Or to know what energy demands will bein
30 years and identify the technologies that will be in place to
meet those demands? An exhaustive analysis of these questions
has yet to be undertaken, but considerable insight can be gleaned
from an Energy Modeling Forum study conducted several
years ago (EMF, 1997). In the study, seven modeling teams
addressed a key consideration in climate policymaking: concerns
about events with low probability but high consequences.

The study assumed uncertainty would not be resolved until 2020.
Two parameters were varied: the mean temperature sensitivity
factor and the cost of damages associated with climate change
and variability. The unfavorable high-consequence scenario
was defined as the top 5% of each of these two distributions.
Two surveys of expert opinion were used for choosing the
distribution of these variables (for climate sengitivity, see Morgan
and Keith, 1995; for damages, see Nordhaus, 1994a).

The analysis showed that the degree of hedging depends on the
stakes, the odds, and nonimpact parameters such as society’s
attitude toward risk and the cost of greenhouse insurance. Also
critical isthe timing of the resolution of key uncertainties. This
underscores the importance of scientific research.

19.6. Extremeand Irreversible Effects
19.6.1. Thelrregular Face of Climate Change

Natura non facit saltus—nature does not take jumps. Modern
science has thoroughly shattered this tenet of the Aristotelian
school of thought. Long-term observations and experimental
insights have demonstrated convincingly that smooth, or regular,
behavior is an exception rather than arule. Available records of
climate variability, for example, reveal sudden fluctuations of
key variables at al time scales. Large, abrupt climate changes
evident in Greenland ice-core records (known as Dansgaard-
Oeschger oscillations—Dansgaard et al., 1993) and episodic,
massive discharges of icebergs into the North Atlantic (known
as Heinrich events—Bond et al ., 1992) are obvious examples
of irregular behavior as a result of weak external forcing.
Ecosystems also display discontinuous responses to changing
ambient conditions, such as changes in disturbance regimes
(Hoalling, 1992a; Peterson et al., 1998) and species extinctions
(Pounds et al., 1999). Irreversible changes in ecosystems are
triggered by disturbances (e.g., Gill, 1998), pests (e.g., Holling,
1992b), and shifts in species distributions (Huntley et al.,
1997). Irregular behavior is accepted as a mgjor aspect of the
dynamics of complex systems (Berry, 1978; Schuster, 1988;
Wiggins, 1996; Badii and Politi, 1997).

Aquantitative entity behaves“irregularly” when its dynamics are
discontinuous, nondifferentiable, unbounded, wildly varying, or
otherwise ill-defined. Such behavior often is termed singular,
particularly in catastrophe theory (Saunders, 1982), and illustrates
how smooth variations of driving forces can cause abrupt and
drastic system responses. The occurrence, magnitude, and timing
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of singularities are relatively difficult to predict, which is why
they often are called “surprises’ in the literature.

It is important to emphasize that singular behavior is not
restricted to natural systems. There has been speculation, for
example, about possible destabilization of food markets,
public health systems, and multilateral political agreementson
resource use, but solid evidence rarely has been provided (e.g.,
Do606s, 1994; Hsu, 1998). Rigorous scientific analysis of certain
classes of singular socioeconomic phenomena is emerging
(Bunde and Schellnhuber, 2000), but huge cognitive gaps remain
inthisfield.

Singularities have large consegquences for climate change
vulnerability assessments. Unfortunately, most of the vulnerability
assessment literature still is focusing on a smooth transition
from what is assumed to be an equilibrium climate toward
another equilibrium climate (often 1xCO, to 2xCO,). This
means that most impact assessments still implicitly assume that
climate change basicaly is a “well-behaved” process. Until
recently, only a few authors have emphasized the importance
of discontinuous, irreversible, and extreme events to the
climate problem (e.g., Lempert et al., 1994; Nordhaus, 1994a;
Schellnhuber, 1997); concerns about the impacts of these
events and their consequences for society now are becoming
much more common. Singularities could lead to rapid, large,
and unexpected impacts on local, regional, and global scales.
Anticipating and adapting to such events and their impacts
would be much more difficult than responding to smooth
change, even if these responses must be made in the face of
uncertainty. Furthermore, singularities considerably complicate
the search for optimal emissions reduction strategies that
are based on, for example, benefit-cost analysis or tolerable
emissions strategies that are based on, as another example, the
precautionary principle.

This section reviews and synthesizes relevant available
information on the impacts of singular behavior of (components
of) the climate system or singular impacts of climate change
and draws conclusions about the conseguences for vulnerability
assessments. Because no generally accepted framework to
assess singularities of climate change exists, an illustrative
typology of singularities is discussed first. The different
characteristics of each classin this typology justify why insights
from this section contribute to two separate reasons for concern:
extreme weather events and large-scale singularities.

19.6.2. Characteristics of Singularities

The causes of singularities are diverse, but most can be grouped
in the categories of nonlinearity, complexity, and stochasticity.
Choices about how to assess singular climate impacts depend
strongly on the factors generating such behavior. The first two
categories arisein a largely deterministic context, so their
incidence can be assessed with proper models. The latter is
probabilistic, however, rendering its incidence basically
unpredictable. Only statistical properties can be anayzed.
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Predictability (and consequently adaptability) is directly related
to the stochastic nature of the underlying dynamics.

The first, and most obvious, class of singularities is caused
by strongly nonlinear or discontinuous functional relationships.
A conspicuous case is the critical threshold, where responses
to a continuous change in a driving variable bring about
sudden and severe impacts, such as extinction events.
Changes in mean climate can increase the likelihood of
crossing these thresholds. Even one of the simplest physical
thresholds in the climate system—the melting point of ice—
could induce singular impacts. For example, thawing of
permafrost regions would be induced by only a few degrees of
warming (Pavlov, 1997) and would severely affect soil and
dope stability, with disastrous effects on Arctic infrastructure
such as ail pipelines (see Section 16.2.5 and SAR WGI I Section
11.5.3). Section 19.3 extensively illustrates the occurrence of
critical thresholds that are relevant for bleaching of coral reefs
(a temperature threshold) and coastal mangroves (a sea-level
rise threshold).

Complexity itself is a second potentia cause for singular
behavior in many systems. Complex systems, of course, are
composed of many elements that interact in many different
ways. Anomalies in driving forces of these systems generally
distort interactions between constituents of the system.
Positive feedback |oops then can easily push the systemsinto a
singular response. (Note that complexity is by no means
synonymous with nonlinearity!)

Complex interactions and feedbacks gradually have become a
focal point of global and climate change investigations:
Several illustrative studies, for example, deal with theinterplay
between atmosphere, oceans, cryosphere, and vegetation cover
that brought about the rapid transition in the mid-Holocene
from a “green” Sahara to a desert (Brovkin et al., 1998;
Ganopolski et al., 1998; Claussen et al., 1999), with the mutual
amplification of regional climate modification and unsustainable
use of tropical forests as mediated by fire (Cochrane, 1999;
Goldammer, 1999; Nepstad et al., 1999) and with the dramatic
disruptions possibly inflicted on Southern Ocean food webs
and ecological services by krill depletion resulting from
dwindling sea-ice cover (see Brierly and Reid, 1999; see also
Section 16.2.3).

The third category, stochasticity, captures a class of singularities
that are triggered by exceptional events. In the climate context,
these are, by definition, extreme weather events such as
cyclones and heavy rains (see Table 3-10). Their occurrenceis
governed by a generally well-behaved statistical distribution.
The irregular character of extreme events stems mainly
from the fact that, although they reside in the far tails of this
distribution, they nonetheless occur from time to time.
Therefore, they could affect downstream systems by surprise
and trigger effects that are vastly disproportional to their
strength. Climate change aso could lead, however, to changes
in probability distributions for extreme events. Such changes
actually could cause serious problems because the risk and
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consequences of these transitions are difficult to quantify and
identify in advance. The impacts caused by these events have
not yet been explored, athough they should constitute an
essential aspect of any impact and adaptation assessment.

The impacts of extreme event consequences of stochastic
climate variability, however, have begun to attract researchers
attention in arelated context. As noted in Chapter 18, changes
in mean climate can increase the likelihood that distributed
weather will cross thresholds where the consequences and
impacts are severe and extreme. This variant of stochastic
singularity therefore can change in frequency even if the
probability of extreme weather events, measured against the
mean, is unaffected by long-term trends.

There asoisafourth type that generally arises from acombination
of all other singularity categories. This type—sometimes referred
to as “imaginable surprises’ (Schneider et al., 1998; see also
Chapter 1)—represents conceivable globd or regiona disruptions
of the operational mode of the Earth system. Such macro-
discontinuities may cause damages to natural and human
systems that exceed the negative impacts of “ordinary” disasters
by several orders of magnitudes.

Responses to climate change can alter their character from
singular to regular—and vice versa—as they cascade down the
causal chain: geophysical perturbations, environmental impacts,
sectoral and socioeconomic impacts, and societal responses.
Only the last three are climate change effects in the proper sense,
but the first is important because it trandates highly averaged
indicators of climate change into the actual trigger acting at the
relevant scale. Most singular geophysical perturbations create
singular impacts—which may, in turn, activate singular
responses. One therefore might assume that singularities tend
to be preserved down such a cascade. Singular events also can
arise further down the causal chain. Purely regular geophysical
forcing, for example, can cause singular impacts, and singular
socioeconomic responses may result from regular impacts.

Harmful impacts of climate change generally can be alleviated
by adaptation or exacerbated by mismanagement (see, e.g.,
West and Dowlatabadi, 1999; Schneider et al., 2000a; see also
Chapter 18). Climate-triggered singular phenomena can
generate substantial impacts because their predictability and
managesability are low. Such impacts would be considerably
reduced if they could be “regularized” by appropriate measures.
For example, an ingenious array of seawalls and dikes could
transform an extreme storm surge into a mundane inundation
that could be controlled by routine contingency procedures. So
too could along-term policy of retreat from the sea. However,
inappropriate flood control structures could wreak havoc,
particularly because they foster a false sense of security and
actually inspire further coastal development.

In summary, singularities tend to produce singularities, as a
rule; regularities may turn into singularities under specific
conditions, and singularities can be regularized by autonomous
ecological processes or judicious societal measures. Defining
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the propagation of singular events in the causal cascade or
opportunities to convert them into regular events remains a
major research challenge.

19.6.3. Impacts of Climate Change Singularities

This subsection sketches the most evident singularities discussed
in the context of climate change and reviews the pertinent
literature on their potential impacts.

19.6.3.1. Extreme Weather Events

That the occurrence of weather eventsis essentially stochastic
is a well-established fact (e.g., Lorenz, 1982; Somerville,
1987). Most climatic impacts arise from extreme weather
events or from climatic variables exceeding some critical level
and thereby affecting the performance or behavior of abiologica
or physical system (e.g., Downing et al., 1999). The same holds
for the impacts of climate change (see Chapters 1, 2, and 3,
especialy Table 3-9; Pittock and Jones, 2000).

For many important climate impacts, we are interested in the
effects of specific extreme events or threshold magnitudes that
have design or performance implications. To help in zoning
and locating developments or in developing design criteria for
the capacities of spillways and drainage structures, the heights
of levee banks, and/or the strengths of buildings, for example,
planners and engineers routinely use estimated “ return periods’
(the average time between events) at particular locations for
events of particular magnitudes. Such event magnitudes
include flood levels (Hansen, 1987; Handmer et al., 1999) and
storm-surge heights (Middleton and Thompson, 1986; Hubbert
and Mclnnes, 1999). Return period estimates normaly are
based on recent instrumental records, sometimes augmented by
estimates from other locations, or statistical or physicaly
based modeling (Middleton and Thompson, 1986; Hansen,
1987; Beer et al., 1993; National Research Council, 1994;
Pearce and Kennedy, 1994; Zhao et al., 1997; Abbs, 1999). The
assumption usualy is made that these statistics, based on past
events, are applicable to the future—but climate change means
that this often will not be the case.

Thus, a central problem in planning for or adapting to climate
change and estimating the impacts of climate change is how
these statistics of extreme events are likely to change. Similar
problems arise in nonengineering applications such as
assessing the economic performance or viability of particular
enterprises that are affected by weather—for example, farming
(Hall et al., 1998; Kenny et al., 1999; Jones, 2000)—or health
effects (Patz et al., 1998; McMichagl and Kovats, 2000; see
also Chapter 9).

Relatively rapid changes in the magnitude and frequency of
specified extreme events arise because extremes liein the low-
frequency tails of frequency distributions, which change rapidly
with shifts in the means. Moreover, there also can be changes
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in the shape of frequency distributions, which may add to or
subtract from the rate of change of extremes in particular
circumstances (Mearns et al., 1984; Wigley, 1985, 1988;
Hennessy and Pittock, 1995; Schreider et al., 1997). Such
changes in the shape of frequency distributions require specia
atention. Evidence suggests that they are particularly important
for changes in extreme rainfall (Fowler and Hennessy, 1995;
Gregory and Mitchell, 1995; Walsh and Pittock, 1998), possibly
in the intensities of tropical cyclones (Knutson et al., 1998;
Walsh and Ryan, 2000), and in ENSO behavior (Dilley and
Heyman, 1995; Boumaet al., 1997; Bouma, 1999; Timmermann
et al., 1999; Fedorov and Philander, 2000). Return periods can
shorten, however, even if none of these higher moment effects
emerge; simply moving mean precipitation higher, for example,
could make the 100-year flood a 25-year flood.

It is noteworthy that the central role in impact assessments of
the occurrence of extreme weather events givesriseto multiple
sources of uncertainty in relation to climate change. The
stochastic nature of the occurrence of extremes and the limited
historical record on which to base the frequency distribution
for such events give rise, even in a stationary climate, to a
major uncertainty. Beyond that, any estimate of achangein the
frequency distribution under a changing climate introduces
new uncertainties. Additional uncertainties relate to our limited
understanding of the impacted systems and their relevant
thresholds, as well as the possible effects of adaptation, or
societal change, in changing these thresholds. If this were not
complicated enough, many impacts of weather extremes arise
from sequences of extremes of the same or opposite sign—
such as sequences of droughts and floods affecting agriculture,
settlements, pests, and pathogens (e.g., Epstein, 2000) or
multiple droughts affecting the economic viability of farmers
(e.g., Voortman, 1998).

Planned adaptation to climate change therefore faces particular
difficulty in this environment because projections of changes
in the frequency of extreme events and threshold exceedence
require a multi-decadal to century-long projected (or “recent”
observed) data series, or multiple ensemble predictions (which
isoneway of generating improved statistics). Thus, it is difficult
to base planned adaptation on the record of the recent past, even
if there is evidence of a climate change trend in the average data.
Planned adaptation therefore must rely on model predictions of
changesin the occurrence of extreme and threshold events (e.g.,
see Pittock et al., 1999), with all their attendant uncertainties.
Real-life adaptation therefore will most likely be less optimal
(more cogtly or less effective) than if more precise information on
future changesin such thresholds and extremes were available.

Nonetheless, planned adaptation will most likely proceed in
response to changes in the perceived relative frequency of
extreme events. Properly done, it can have immediate benefit
by reducing vulnerability to current climate as well as future
benefit in reducing exposure to future climate change. As
suggested above, however, there are many ways to respond
inappropriately if careis not taken. In short, changesin extremes
and in the frequency of exceeding impacts thresholds are avital
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feature of vulnerability to climate changethat islikely to increase
rapidly in importance because the frequency and magnitude of
such events will increase as global mean temperature rises.

19.6.3.2. Large-Scale Sngularities

Singularities that occur in complex systems with multiple
thresholds can be assessed with appropriate models. In real
systems, however, there always are stochastic elements that
influence the behavior of these systems, which are difficult to
model. The runaway greenhouse effect, for example, consists
of aseries of positive feedback loops that result from systemic
interactions or can be triggered by stochastic events (Woodwell
et al., 1998). Table 19-6 lists examples of such singularities
that are triggered by different causes. All of these examples
have regional or global consequences. The systemic insightsin
their behavior generally are based on different simulation
approaches. Although local examples (e.g., species extinction)
also are abundant in the scientific literature, they are ignored
here because climate change does not (yet) seem to be the sole
cause, and the processes involved generally are not modeled
systematically.

19.6.3.2.1. Nonlinear response of North Atlantic
thermohaline circulation

Many modd studies (reviewed in Weaver et al., 1993; Rahmstorf
et al., 1996) have andyzed the nonlinear response of the worldwide
ocean circulation—the so-called conveyor belt. This system
transports heat and influences regiona climate patterns. One
component of this system is the current in the Atlantic Ocean.
Warm surface currents flow northward. Heat release and
evaporation from the ocean surface lowers the temperature and
increases the density and salinity of the water. In the North
Atlantic, this denser water sinks at the Labrador and Greenland
convection sites and flows back south as deepwater. This so-
called North Atlantic THC could slow down or even shut down
under climate change (see TAR WGI Chapters 7 and 9).

The paleoclimatic record shows clear evidence of rapid climatic
fluctuations in the North Atlantic region (with possible
connections to other regions) during the last glaciation and in
the early Holocene (see TAR WGI Section 2.4.3). At least
some of these events—notably the Younger Dryas event, when
postglacial warming was interrupted by a sudden return to
colder conditions within afew decades about 11,000 years ago—
are thought to be caused by changes in the stability of North
Atlantic waters. These changes, which are recorded in the centra
Greenland ice cores and el sewhere, were accompanied by large
changes in pollen and other records of floraand faunain
western Europe, indicating that they had widespread effects on
European regional climate and ecosystems (Ammann, 2000;
Ammann et al., 2000). The likely cause for these fluctuations is
changes in the stability of the THC brought about by an influx
of freshwater from melting icebergs and/or ice caps (see TAR
WGI Section 7.3.7). Asdiscussed in WGI, enhanced greenhouse
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Table 19-6: Examples of different singular events and their impacts.
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Singularity Causal Process Impacts Reference
Nonlinear — Changes in thermal and freshwater — Consequences for marine ecosystems ~ WGI TAR Chapters
response of forcing could result in complete and fisheries could be severe. Complete 2.4, 7, and 9; see
thermohaline shutdown of North Atlantic THC or shutdown would lead to a stagnant Section 19.6.4.2.1
circulation regional shutdown in the Labrador deep ocean, with reducing deepwater

(THC) and Greenland Seas. In the Southern oxygen levels and carbon uptake,

Ocean, formation of Antarctic
bottomwater could shut down. Such
events are found in the paleoclimatic
record, so they are plausible.

affecting marine ecosystems. Such a
shutdown also would represent a major
change in heat budget and climate of
northwestern Europe.

Disintegration of —
West Antarctic

Ice Sheet (WAIS),
with subsequent
large sea-level

rise

WAIS may be vulnerable to climate
change because it is grounded below
sea level. Its disintegration could raise
globa sealeve by 4-6 m. Disintegration
could be initiated irreversibly in the
21st century, although it may take
much longer to complete.

Considerable and historically rapid
sear-level rise would widely exceed
adaptive capacity of most coastal
structures and ecosystems.

WGI TAR Chapters 7
and 11; see Section
19.6.4.2.2;
Oppenheimer, 1998

Runaway carbon —
dynamics

Climate change could reduce the
efficiency of current oceanic and
biospheric carbon sinks. Under some
conditions, the biosphere could even
become a source.

Gas hydrate reservoirs also may be
destabilized, releasing large amounts
of methane to the atmosphere.
These processes would generate a
positive feedback, accelerating
buildup of atmospheric GHG
concentrations.

Rapid, largely uncontrollable increases
in atmospheric carbon concentrations
and subsequent climate change would
increase al impact levels and strongly
limit adaptation possibilities.

WGI TAR Chapter 3;
Smith and Shugart,
1993; Sarmiento et
al., 1998; Woodwell
etal., 1998; Bains et
al., 1999; Joos et al .,
1999; Katz et al .,
1999; Norris and
Rohl, 1999; Walker
et al. 1999; White et
al., 1999

Transformation

Increased GHGs could intensify Asian

Major changes in intensity and spatial

TAR WGI Sections

of continental summer monsoon. Sulfate aerosols and temporal variability would have 9.3.6.2and 9.35.2.2;
monsoons partially compensate this effect, severe impacts on food production and TAR WGII Section
although dampening is dependent on flood and drought occurrencesin Asia.  11.5.1; Lal et al.,
regional patterns of aerosol forcing. 1995; Mudur, 1995;
Some studies find intensification of Meehl and
the monsoon to be accompanied by Washington, 1996;
increase in interseasonal precipitation Bhaskaran and
variability. Mitchell, 1998
Qualitative — ENSO could shift toward a more El — Changing ENSO-related precipitation  TAR WGI Sections
modification of Nifio-like mean state under increased patterns could lead to changed drought 7.7.3 and 9.3.5.2;
crucia climate- GHGs, with eastward shift of and flood patterns and changed Corti et al., 1999;
system patterns precipitation. Also, ENSO’ s variability distribution of tropical cyclones. Fyfeetal., 1999,
such as ENSO, could increase. — A positive NAO/AO phaseisthought ~ Shindell et al., 1999;
NAO, AAO,and - Thereisagrowing attempt toinvestigate  to be correlated with increased Timmermann et al .,
AO changes in other major atmospheric storminess over western Europe. 1999

regimes [NAO, Arctic Oscillation (AO),
and Antarctic O<cillation (AAQ)]. Severa
studies show positive trend in NAO

and AO indices with increasing GHGs.




950

Table 19-6 (continued)
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Singularity Causal Process

Impacts Reference

Rearrangement of — Many studies show large redistribution — All modelsinitially simulate an
increase in biospheric carbon uptake,
which levels out later. Only afew
models simulate carbon release.

biome distribution  of vegetation patterns. Some simulate
asaresult of rapid dieback of tropical forests and
rising CO, other biomes; others depict more
concentrationsand  gradual shifts. More frequent fire
climate change could accel erate ecosystem changes.

White et al ., 1999;
Cramer €t al., 2000

Destabilization ~ — Climate change—alone or in

of international combination with other environmental
order by pressures—may exacerbate resource
environmental scarcitiesin developing countries.
refugees and These effects are thought to be highly
emergence of nonlinear, with potential to exceed
conflictsasa critical thresholds along each branch of

result of multiple  the causal chain.
climate change

impacts

— This could have severe socia effects,

between ethnic groups, and civil strife
and insurgency, each with potentially
serious repercussions for the security
interests of the developed world.

Homer-Dixon, 1991,

which, in turn, may cause several Myers, 1993;
types of conflict, including scarcity Schellnhuber and
disputes between countries, clashes Sprinz, 1995;

Biermann et al .,
1998; Homer-Dixon
and Blitt, 1998

warming could produce similar changes in stability in the
North Atlantic because of warming and freshening of North
Atlantic surface waters.

The current operation of THC is self-sustaining within limits
that are defined by specific thresholds. If these thresholds were
exceeded, two responses would be possible: shutdown of a
regional component of the system or complete shutdown of the
THC. Both responses have been simulated. A complete
shutdown was simulated by Manabe and Stouffer (1993) for
a quadrupling of atmospheric CO, and by Rahmstorf and
Ganopolski (1999) for atransient peak in CO, content. These
studies suggest that the threat of such complete shutdown
increases beyond a global mean annual warming of 4-5°C,
but this is still speculative. It took several centuries until the
circulation was shut down completely in both studies. A
regional shutdown in the Labrador Sea (while the second major
Atlantic convection site in the Greenland Sea continued to
operate) was simulated by Wood et al. (1999). Simulated
regional shutdown can occur early in the 21st century and
can happen rapidly—in less than a decade. Simulations by
Manabe and Stouffer (1993) and Hirst (1999) show further
the possibility of a shutdown of the formation of Antarctic
bottomwater, which is the second major deepwater source of
the world ocean.

These simulations clearly identify possible instability for the
THC. Determining appropriate threshold values, however,
requires analysis of many scenarios with different forcings and
sensitivity studies of important model parameters. Stocker and
Schmittner (1997), for example, have shown that the THC
is sensitive not only to the final level of atmospheric CO,
concentration but also to the rate of change. Rahmstorf and
Ganopolski (1999) show that uncertainties in the hydrological
cycle are aprime reason for uncertainty in forecasting, whether a

threshold is crossed or not (see Figure 19-6). Further parameters
are climate sensitivity (high values increase the likelihood of
a circulation change) and the preindustrial rate of Atlantic
overturning (an aready weak circulation is more liable to
break down) (e.g., Schneider and Thompson, 2000). These
simulations suggest that global warming over the next 100
years could lead to a sudden breakdown of the THC decades
to centuries later, which would lead irrevocably to major
effects on future generations.

Bate of Temperatwre Change

Temperature Change

Figure 19-6: Stability of North Atlantic thermohaline
circulation (THC) computed with the CLIMBER model
(Petoukhov et al., 2000). Degree of shading indicates probability
of THC collapse. Light shading denotes low probability; dark
shading denotes high probability. The higher the hydrological
sengitivity (HHS = high hydrological sensitivity, LHS = low
hydrological sensitivity), the faster the rate of temperature
increase, or the greater the magnitude of temperature
increase, the more likely that the North Atlantic THC
becomes unstable.
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The possible impacts of these circulation changes have not yet
been studied systematically. Complete shutdown of the THC
would represent a major change in the heat budget of the
northern hemisphere because this circulation currently warms
northwestern Europe by 5-10°C (Manabe and Stouffer, 1988;
Rahmstorf and Ganopolski, 1999). Consequently, shutdown
would lead to sudden reversal of the warming trend in this
region. The impacts of a regional shutdown would be much
smaller but probably still serious. For the European climate,
loss of the Greenland Sea branch probably would have a much
stronger effect than loss of the Labrador Sea branch because
the northward extent of the warm North Atlantic current
depends mainly on the former. In either case, the consequences
of circulation changes for marine ecosystems and fisheries
could be severe (see Section 6.3). Shutdown of the major
deepwater sources in the North Atlantic and Southern Ocean
would lead to an almost stagnant deep ocean, with as-yet
unexplored consequences (e.g., for deepwater oxygen levels,
carbon uptake, and marine ecosystems).

Neither the probability and timing of a major ocean circulation
change nor its impacts can be predicted with confidence yet,
but such an event presents a plausible, non-negligiblerisk. The
change would be largely irreversible on atime scale of centuries,
the onset could be relatively sudden, and the damage potential
could be very high.

19.6.3.2.2. Disintegration of West Antarctic ice sheet

The WAIS contains 3.8 million km3 of ice, which, if released
to the ocean, would raise global sealevel by 46 m. TheWAIS
has been the subject of attention since anaysis of paleodata
(Hughes, 1973) and ice sheet models (Weertman, 1974) predicted
that such a marine-grounded ice sheet isinherently unstable.

Analysis of ice sediments indicates that in the past 1.3 million
years, the WAIS has collapsed at least once (Scherer et al.,
1998). It was inferred from marine sediments that the WAIS is
still dynamic. Since the last glacial maximum, the grounding
line (i.e., the boundary between the floating ice shelves and the
grounded ice) has retreated considerably (Hughes, 1998), and
this process continues. It probably reflects dynamics that were
set in motion in the early Holocene (Conway et al., 1999). This
has important implications because it points toward the long
equilibration time scales involved in WAIS dynamics.

Fast-flowing ice streams, which feed the shelves from theinterior,
dominate the discharge of the WAIS (see TAR WGI Section 11.5).
Theseiceflowsare constrained at various boundaries. Whereas
early studies emphasized the role of ice-shelf boundaries in
such ice flow, more recent work points to the importance of
different boundaries (i.e., the ice-stream bed, the lateral margins,
and the inland end—Anandakrishnan et al., 1998; Bell et al.,
1998; Joughin et al., 1999; Payne, 1999). With respect to the
time scales of an eventual WAIS disintegration, this distinction
is crucial because the ice shelves respond to changesin climate
within centuries, whereas the conditions at the ice-stream
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margins and beds have response times on the order of millennia
(e.g., McAyedl, 1992). Whether proper incorporation of ice-
stream dynamicsinto ice-sheet models generally eliminatesthe
presumed instability cannot be conclusively resolved.
McAyeal (1992), for example, incorporated ice-stream dynamics
and deformable bed conditions explicitly into his ice-sheet
model and showed that under periodic climate and sea-level
forcing (100,000-year cycles), the WAIS collapsed and regrew
sporadically throughout a period of 1 million years.

Even if accelerated loss of grounded ice were unlikely to occur
over the 21st century, changes in ice dynamics could result in
increased outflow of ice into the ice shelves and trigger a
grounding-line retreat. An in-water temperature of afew degrees
Celsius could cause the demise of the WAIS ice shelvesin a
few centuries and float its marine-based parts over a period of
1,000-2,000 years (Warner and Budd, 1998). This would
produce a sea-level rise of 2-3 m. Huybrechts and de Wolde
(1999) evaluate a climate change scenario that stabilizes GHG
concentrations at four times the present value in 2150. They
show that melting of the WAIS would contribute to 1-m sea-
level rise by 2500—a rate of rise that would be sustained at 2
mm yr-1for centuries thereafter. The response of the Greenland
ice sheet contributed to several meters of sea-leve rise by
3000. Even under this stabilization scenario, melting of the
Greenland ice sheet would be irreversible. Both studies,

however, simply assume no change in ocean circulation and an
immediate warming of water in the sub-ice-shelf cavity with a
warming climate. Both assumptions still await full validation.

Globa warming projected for the 21st century could set in
motion an irreversible melting of the West Antarctic and
Greenland ice sheets, implying sustained sea-level rise and
irreversible losses. The impacts of complete disintegration of
the WAIS and subsequent sea-level rise by 4-6 m, however,
have not been fully explored. As summarized by Oppenheimer
(1998), the disintegration time scales predicted by models
vary widely, between 400-500 years (Thomas et al., 1979)
and 1,600-2,400 years (McAyeal, 1992). These time scales
correspond to a mean contribution to sea level of 10-15 and
2.5 mm yr-1, respectively. Whereas an estimate in the lower
range is approximately equal to the present-day rate of sea-
level rise, a value in the middle to high range lies outside
human experience and would widely exceed the adaptive
capacity of most coastal structures and ecosystems (see
Sections 19.3 and 6.5).

19.6.4. Climate Protection in an Irregular World

The predictability and managesbility of singular phenomenais
low. Their impacts can be sudden, large, and irreversible on a
time scale of centuries. Regularizing such impacts would be an
appropriate response, but this would require much better
understanding of the statistics and characteristics of the complex
processes involved. The presence of singularities therefore
makes analytic and political treatment of the climate change
problem particularly difficult.
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Little is known, in quantitative terms, about the potential
damages that could be inflicted by singularities on ecosystems
and market sectors across the globe. This deficit has two main
reasons (see also Moss and Schneider, 2000). First, extensive
research on the causes, mechanisms, and impacts of singular
events in the context of climate change is just getting started.
Second, mechanistic and probabilistic analysis of complex
nonlinear systems is more demanding—by orders of magnitude—
than investigation of simple linear ones.

The knowledge base for assessing consequences of singularities
will probably be broadened considerably over the next 5-10
years. Further advances in simulation modeling soon will
alow better projections of future climate variability down to
modified extreme events statistics (CLIVAR, 1998), aswell as
better translations of those projections into impacts on natural
and societal systems (e.g., Weyant et al., 1996; Alcamo et al.,
1998; Rotmans and Dowlatabadi, 1998). Earth system analysis,
as supported by the big international research programs—
World Climate Research Programme (WCRP), International
Geosphere-Biosphere Programme (IGBP), and International
Human Dimensions Programme (IHDP)—uwill bring about
more complete understanding of macro-singularities within the
responses of the Earth system under pertinent forcing
(Schellnhuber, 1999). A major source of information and
comprehension, in this context, will be evidence provided by
paleorecords (IGBP, 1998). These scientific efforts should
assist the decisionmaking process by creating a clearer picture
of the future. Unfortunately, creating plausible projections is
always tricky in practice (Sarewitz et al., 2000).

A magjor chalenge is to make responsible use of available
information regarding the likelihood and the consequences of
conceivable singular events. Responsibility here means the
obligation of decisionmakers to make the “right” decision,
taking into account the diverse societal values and wide
ranges of individual interests that are at stake and that may be
mutually contradictory. Thus, the standard challengeisto develop
proper policies under uncertainty (i.e., neither ignorance nor
omniscience) to achieve the objectives of the UNFCCC and to
satisfy affected stakeholders as well as possible.

Abroad and intensive discourse on the ethical aspects of singular
responses to climate change (e.g., Markandya and Halsnaes,
2000; Munasinghe, 2000; Toth, 2000) is rediscovering many of
the arguments put forward in traditional moral philosophy and
risk policy. Ethical and procedural aspects of this type have
been examined in various other contexts before, where certain
concepts (such as human rights) act as a constraint on economic
activity (emphasizing utilitarian goals), even when the cost-
benefit ratio is unfavorable (e.g., the review of the agricultural
situation by Aiken, 1986).

One of the crucia questionsis how to deal with high-consequence
impacts that may wipe out entire systems or cultures. Such
non-implausible “nightmare” or “doomsday” scenarios could
result from the speculative but consistent concatenation of
individualy possible causal relationships (e.g., Schellnhuber and

Vulnerability to Climate Change and Reasons for Concern: A Synthesis

Yohe, 1997). A vexing question is whether the lack of credible
scientific evidence for such a scenario provides justification to
ignore its possibility completely. Some argue that such effects
have to be avoided by all means, irrespective of the economic
burdens involved. Others argue that the uncertainties involved
do not provide enough support for extensive measures and
their economic costs. Within the climate-change framework,
however, many incal culable risks could be reduced considerably
by more sensible measures. The debate on the “legitimacy” of
the different perspectives is impossible to resolve, however
(Jasanoff, 1990).

The vague evidence provided by the present state of research
supports the notion that even relatively small changes in
mean climate could lead to large changes in the occurrence of
stochastic extreme events. Furthermore, it suggests that large-
scale discontinuities are unlikely below a 2°C warming but
relatively plausible for a sustained warming of 8-10°C. The
relatively small set of investigations discussed above lead to the
conclusion that a warming range of 4-5°C seems to represent
acritical disturbance regime where macro-discontinuities may
start to emerge. This temperature threshold appearsto be
sengitive to the rate of change at which thislevel is reached.

19.7. Limitationsof Methods
and Directionsfor Future Research

This section discusses the strengths and limitations of the
analytic approaches used to address the reasons for concern,
mainly with regard to whether they can, with the confidence
levels given, indicate the severity of impact or risk as afunction
of increase in global mean temperature. This discussion identifies
key uncertainties inherent in each method and offers directions
for future research that could improve our confidence in the
results produced with each approach.

The organization of this section parallels that of the previous
sections of this chapter. The strengths, limitations, uncertainties,
and directions for each approach are discussed in the same
order in which they were discussed in the preceding sections.
However, integrated assessment frameworks are considered
separately from aggregate approaches. Last is a discussion of
integration across methods and reasons for concern.

19.7.1. Observations

Advantages: Because observations are based on observed
effects rather than models, they can be used to indicate whether
climate change is causing impacts and whether impacts lead to
positive, negative, or indeterminate outcomes. They also can
be used to validate hypotheses and models that formalize
hypotheses on cause and effect.

Disadvantages: The problem with relying on observations to
determine the severity of impacts or risk from climate change
is that there has been only 0.7°C of mean global warming over



Vulnerability to Climate Change and Reasons for Concern: A Synthesis

the past century (although some regions have experienced
much more warming). Because many impact thresholds may
not be crossed until greater magnitudes or rates of warming are
reached, it is not clear how to interpret an observed effect of
warming or a group of such observations. Such observed
impacts to date often will be of only minor consequence, even
though they may tend to confirm our understanding of impact
processes. Moreover, lack of observed impacts may be simply
because climate change has not yet reached critical thresholds
for such effects. Finally, attribution of causality isvery difficult
with observed effects or groups of effects. One must be able to
demonstrate that a regional change in climate is a significant
cause of an observed effect and that the regional change in
climate is linked to global climate change.

Uncertainties: Uncertainties include the magnitude of climate
change that has occurred, the extent to which impacts can be
attributed to climate change that has occurred, and whether the
relationship between climate change and possible impacts is
linear or nonlinear and continuous or discontinuous.

Research Needs: For climate change impact detection to
advance, there is a need for continued, improved, and augmented
data collection and further devel opment of analytical techniques.
Geographical diversity is needed to balance the current bias of
study locations in North America and Europe; more observation
studies are needed in developing countries, with emphasis on
those where physical, biological, and socioeconomic systems
have higher vulnerability to climate change (see Chapter 18).

Because climate and impact systems are linked over a range
of tempora scales, longer time series of data allow better
understanding of the relative magnitudes of short- and long-term
responses (Duarte et al ., 1992; McGowan et al., 1999). Large-
amplitude temporal changes usually involve large spatia
dimensions, so broad-scale spatial/tempord studies are necessary
as well. Satellite measurements of the Earth’s surface provide
avery useful monitoring capability for ocean, ecosystem, and
land-cover changes. For example, satellite measurements of
the Earth's surface offer the potential for aggregation of
observed impacts with regard to broad-scale ecological
responses such as vegetative responses to increasing lengths of
growing seasons (e.g., Myneni et al ., 1997), complemented by
meteorological and vegetation data (e.g., Schwartz, 1998).

For ecosystem impacts, continuing observations are needed at
sites where studies already have been conducted, at long-term
ecological research sites (e.g., Chapin et al., 1995), and in
protected areas. Programs that provide continued long-term
monitoring of marine and terrestrial environments also are
important (Duarte et al., 1992; Southward et al., 1995). Large-
scale spatial/temporal ecosystem studies are necessary because
effectsfrom local changes cannot be extrapolated to large areas
without evidence (McGowan et al., 1999; Parmesan et al., 1999).

Definition of indicator species or systemsisauseful element of
detection studies (e.g., Beebee, 1995; Nehring, 1998; Cannell et
al., 1999). Coupled with monitoring programs, such data may
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then provide a consistent set of evidence with which to study
past, present, and future impacts of climate changes.

A further critical research need isto strengthen analytical tools
for understanding and evaluating observed climate change
impacts. Robust meta-analyses of studies that present good
quality, multivariate data from a diversity of settings around
the world will help to define further the global coherence
among impacts now observed. Care aso must be taken to
ensure that the sample of studies is representative across time
and space, is not biased in its reporting, and uses appropriate
statistical tests. Also needed is development of methods to
analyze differential effects of climate across a range or sector.
Individual and grouped studies need to address possible
correlations with competing explanations in a methodol ogically
rigorous manne.

Also needed are refinements in the fingerprint approach (e.g.,
Epstein et al., 1998), including more precise definition of
expected changes and quantitative measurement techniques,
similar to that used in detection of climate changes (see TAR
WGI Chapter 12). For climate, fingerprint elements include
warming in the mid-troposphere in the southern hemisphere, a
disproportionate rise in nighttime and winter temperatures, and
gatistical increasesin extreme weather eventsin many locations.
These aspects of climate change and climate variability have
implications for ecological, hydrological, and human systems
that may be used to define a clear and robust multidimensional
“expected impact signa” to be tested in arange of observations.
A more refined and robust fingerprint approach may aid in the
study of difficult-to-detect, partially causal climate effects on
socioeconomic systems such as agriculture and health.

19.7.2. Studies of Unique and Threatened Systems

Assessments of unique and threatened systems tend to be based
on studies of particular exposure units such as coral reefs,
small islands, and individual species.

Advantages: These studies contain richness of detail and
involve many researchers, often from developing and transition
countries. In contrast to aggregate studies, studies of exposure
units can be used, at least in principle, to analyze distributional
effects by focusing on impacts on particular systems, species,
regions, or demographic groups.

Disadvantages. One of the main disadvantages is that exposure-
unit studies often are not carried out in a consistent manner.
Exposure-unit studies often examine related sectorsin isolation
and do not examine linkages or integration among sectors and
regions, for example, studies of the effects of climate change on
ecosystems or individual species often are conducted without
examining the potential effects of societal development on
such systems. Loca processes and forces (e.g., urbanization,
local air pollution) often can be more important than global
ones at the local scale, complicating the task of measuring the
influence of global climate change at the local scale.
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Another key disadvantage is incompleteness of coverage. For
example, in spite of many and extensive country studies, there
gtill are many gaps in coverage in terms of countries, regions
within countries, and unique and important potential impacts
that have not been assessed. The choice of exposure units may
not necessarily cover the most vulnerable systems. Topics such
as impacts on biodiversity or unique ecosystems often are not
covered. There also has been little attention to impacts on poor
and disadvantaged members of society. Even where particular
critical exposure units have been covered, there may be just a
single study. Drawing conclusions with high confidence on the
basis of one study may be inappropriate.

Uncertainties: Uncertainties include the likely magnitude of
climate change at the spatial resolution required by the study of
the particular unique and threatened system, masking of global
change effects by nonclimate factors, the degree of linearity/
nonlinearity in the relationship between stimulus and response,
and the degree to which results from individual studies can be
extrapolated or aggregated.

Research Needs: It would be desirable to have more studies
of individua systems, according to some set of priorities
concerning the likely immediacy of the impacts. Additional
work on standardizing methods and reporting of results also
would be extremely useful. It also would be useful to devote
more effort to integration of results from existing studies.
Again, it would be especially useful to increase monitoring of
changes in organisms, species, and systems that have limited
range now or are near their limits and to try to separate out or
consider other causal mechanisms such as local air pollution,
loss of habitat, and competition from invading pests and weeds.

19.7.3. Digtributional I mpacts

Advantages: Distributional impact studies draw attention to likely
heterogeneity in impacts among different regions and socia
and economic groups. They also help to identify and assess the
situation of the “most vulnerable” people and systems. Thus,
such studies bring equity considerations to center stage.

Disadvantages. Distributional impact studies require regional
climate change projections and impact projections at the regiona
to local scale, where GCMs may not be very accurate. They
also require projections of demographics and socioeconomic
structure over along time horizon.

Uncertainties: Research into the distribution of impacts of
climate change is recent (see Section 19.4). There are some
findings on which there isvirtual unanimity. Somefindings are
broad conclusions—such as that more resource-constrained
regions are likely to suffer more negative impacts, as are people
whose geographic location exposes them to the greatest hazards
from climate change. (Such people often live in regions with
marginal climate for food growing or in highly exposed coastal
zones.) Others are more specific but to date have been more
conclusive with regard to the direction of different impacts
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among regions, rather than the magnitudes. For example, we
know that impacts in developing low-latitude countries are
more negative—in part because those countries tend to be
operating at or above optimum temperatures already—and, in
some cases, in regions where rainfall will decrease, leading to
water stress. There also is limited capacity for adaptation in
these aress. In some mid-latitude devel oped countries, agriculture
would benefit initially from warmer conditions and longer
growing seasons. Beyond such sweeping statements, uncertainties
are vast. Resource constraints and (climatic) marginality are
multidimensional and complex phenomena. Currently, it is not
known which components of resource constraints or climatic
marginality are more important or which components may
compensate for others or may have synergistic effects. There
are suggestions in other literature, but these have not been
systematically applied to the impacts of climate change,
conceptually or empiricaly.

In sum, there is virtual consensus about the broad patterns.
There is much less knowledge about the details, although that
situation is slowly improving.

Research Needs: Development of appropriate indicators of
differences in regiona impacts and ways of comparing them
across regions and socioeconomic groups would be extremely
useful. Improved methods for characterizing baseline
demographics and socioeconomic conditionsin the absence of
climate change or climate change-motivated policies also would
be useful. There is a need to quantify regional differences and
to develop estimates of the cost of inequity in monetary or
other terms (e.g., effect on poverty rates and trade, social and
political instability, and conflict). More accurate projections of
regiond climate change would increase confidence in predictions
of regional climate change impacts.

19.7.4. Aggregate Approaches

Advantages: Aggregate analyses synthesize climate change
impacts in an internally consistent manner, using relatively
comprehensive global indicators or metrics. These often are
expressed in U.S. dollars (e.g., Tol, 2001b) or other common
metrics such as changes in vegetation cover (Alcamo et al.,
1998). This enables direct comparisons of impacts among
sector systems and regions and with other environmental
problems and emission control costs. Some aggregate analyses
have assessed differences in relative impacts in developed and
developing regions of the world and have shown that regional
differences in impacts may be substantial.

Disadvantages. Aggregate analyses lack richness of detail.
Partly this is inherent because aggregation explicitly seeks to
synthesize complex information. Partly thisis because aggregate
analyses tend to rely on reduced-form models. Condensing
the diverse pattern of impacts into a small nhumber of damage
indicatorsis difficult. Some metrics may not accurately capture
the value of certain impacts; for example, nonmarket impacts
such as mortality and loss of speciesdiversity or cultura heritage
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often are not well captured in monetization approaches, and
change in vegetation cover may not clearly indicate threats to
biodiversity. Other complicating issues concern comparison of
impacts across time (impact today and several generations
from now) and between regions (e.g., impact in developing and
developed countries), as well as how much importance to
assign to different effects. In addition, many aggregate studies
examine a static world rather than a dynamic one and do not
consider the effects of changesin extreme events or large-scale
discontinuities. The aggregation process is ot possible without
value judgments, and different ethical views imply different
aggregate measures across socioeconomic groupings and
generations (see Azar and Sterner, 1996; Fankhauser et al., 1997).
Choice of discount rates can affect valuation of damages. In
addition, general shortcomings that affect al reasonsfor concern
are particularly prominent in aggregate analysis (e.g., accounting
for baseline development, changes in variability and extreme
events, and costs and benefits of adaptation).

Uncertainties: Uncertainties include whether al climate change
impacts (positive and negative) are included, the implications
of various aggregation and valuation methods, and implicit
or explicit assumptions of methods, including possible mis-
specifications of nonlinearities and interaction effects.

Research Needs: The next generation of aggregate estimates
will have to account better for baseline developments, transient
effects, climate variations, and multiple stresses. Further
progress also is still needed in the treatment of adaptation. A
broader set of primary studies on impacts in developing
countries and nonmarket sectors would reduce the need for
difficult extrapolation. More work also is heeded on the ethical
underpinnings of aggregation and on aternative aggregation
schemes. Work on reflecting information from the other
reasons for concern into the aggregate approach is underway,
but proceeding slowly.

19.7.5. Integrated Assessment Frameworks

Advantages: Integrated assessment frameworks or models
provide a means of structuring the enormous amount of and
often conflicting data available from disaggregated studies.
They offer internally consistent and globally comprehensive
analysis of impacts; provide “vertical integration” (i.e., cover
the entire “ causal chain” from socioeconomic activities giving
rise to GHG emissions to concentration, climate, impacts, and
adaptations); provide “horizontal integration” (i.e., account for
interlinkages between different impact categories, adaptations,
and exogenous factors such as economic development and
population growth); and alow for consistent treatment of
uncertainties. IAMs have been used primarily for benefit-cost
and inverse (or threshold) analyses. The latter have the
advantage of being directly related to Article 2 because they
define impacts that may be considered “dangerous’ (through
specification of thresholds related to, e.g., harm to unique
and threatened systems or the probability of large-scale
discontinuities).
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Disadvantages. The main disadvantages with most IAMs are
those associated with aggregate approaches: reliance on asingle
or a limited number of universal measures of impacts. These
may not adequately measure impacts in meaningful ways. This
is partly because IAMs rely on reduced-form equations to
represent the complexities of more detailed models. Their
usefulness is highly dependent on how well they are able to
capture the complexities of more disaggregated approaches.
Some of the IAMs used for benefit-cost analyses have considered
large-scaleirregularities (e.g., Gjerdeet al., 1999), but inclusion
of such outcomes is preliminary. Few have accounted for loss
of or substantial harm to unique and threatened systems. Although
inverse (or threshold) approaches allow researchersto overcome
these problems, the disadvantages of this kind of analysis
include the difficulty of explicitly specifying thresholds and
combining them within and across sectors and regions.

Uncertainties: Uncertainties are the same as those for the
aggregate approach or for unique and threatened systems,
depending on the structure and objectives of the model. Thisaso
would include the effects of different assumptions, methods, and
value choices.

Research Needs: Among the biggest challenges facing integrated
assessment modelers (see Weyant et al., 1996) are developing
a credible way to represent and value the impacts of climate
change; a credible way to handle low-probability but potentially
catastrophic events; a credible way to incorporate changes in
extreme westher events; and realistic representations of changes
in socioeconomic and institutional conditions, particularly in
developing countries. In addition, they must decide how to
allow explicitly for effects of different value choices, systems,
and assumptions; how to quantify uncertainties; and how to
credibly incorporate planned adaptation, including costs and
limitations.

19.7.6. Extreme Events

Advantages: Extreme events are recognized as mgjor contributors
to the impacts of climate variability now and to potential
impacts of climate change in the future. Thus, redlistic climate
change impact assessments must take them into account
even though they may change in complex ways—such as in
frequency, magnitude, location, and sequences (e.g., increased
variability may lead to more frequent floods and droughts).
Better understanding of changesin extreme events and adaptation
measures for coping with them also will help in coping with
present variability.

Disadvantages. Extreme events are more difficult to model
and characterize than average climates. Changes in extreme
eventswill be complex and uncertain, in part because extremes
occur in a chaotic manner even in the present climate. Large
data series are needed to characterize their occurrence because,
by definition, they are rare events. This means that long time
scale model simulations are needed to devel op relevant statistics
from long time dlices or multiple realizations. Extreme events
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need to be considered in terms of probabilities or risks of
occurrence rather than predictions. This chaotic element adds
to other sources of uncertainty. It means that engineering or
other design standards based on climatology that normally use
long data series of observations will need a synthetic data set
that simulates potential changesin future climate. It also makes
adaptation to changes in extremes more difficult because planned
adaptation must rely on necessarily uncertain projectionsinto the
future from theory and thus requires greater faith in the science
before the information will be acted on.

Uncertainties and Research Needs: Better knowledge of the
behavior of extremes will require long or multiple simulations
at finer spatial and temporal scales, to capture the scale, intensity,
and frequency of the events. Some types of extreme events (e.g.,
hail and extreme wind bursts) are poorly simulated at present;
others, such as ENSO and tropical cyclones, are extremely
complex and only now are beginning to be better simulated.
Arguments for changes in their behavior are still often largely
theoretical, qualitative, or circumstantial, rather than well based
in verified models. Moreover, much more work is needed on
how they will affect natural and human systems and how much
of the recent trend to greater damages from extreme events is
related to changesin exposure (e.g., greater populations, larger
investments, more insurance cover, or greater reporting) rather
than changes in the number and intensity of those extremes.
More work is needed on how best to adapt to changes in
extreme events, especialy on how planners and decisionmakers
can best take information on projected changes in extremes
into consideration. This may be done best by focusing on
projected change in the risk of exceeding prescribed natural,
engineering, or socioeconomic impacts thresholds.

19.7.7. Large-Scale Singular Events

Advantages: Consideration of strongly nonlinear or even
disruptive effects accompanying climate change is a critical
component of the “dangerous interference” debate. The basic
idea is to corroborate any non-negligible probability for high-
conseguence impacts that may be triggered by human climate
perturbations. The political process to avoid high-consequence
impacts may be facilitated by the global scope of such effects
(e.g., disintegration of the WAIS generating a planetary sea-level
rise of approximately 5 m). Inclusion of extreme eventsin the
analysis helps, in general, to pursue all other reasons for concern
in a realistic way because irregular impacts may dominate
impacts on unique and threatened systems, distributional
impacts, and aggregate impacts.

Disadvantages: This is an emerging area of research, facing
several serious challenges because of the complexity of nonlinear
interactions to be considered. The prevailing lack of knowledge
isreflected in use of the term “surprises’ for disruptive events.
The potentials for climate change-induced transformations of
extreme events regimes and for large-scale discontinuities in
the Earth system are still highly uncertain. The search for
irregularities might turn out to be futile and distract scientific
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resources from other important topics, such as the distributional
aspects of regular climate change impacts.

Uncertainties and Research Needs: By definition, uncertainties
are most severe in this realm of impact research. At present,
there is no way of estimating the probabilities of certain
disruptive events or assigning confidence levels to those
probabilities. As a consequence, a strong research program
should be launched that combines the best paleoclimate
observations with the strongest simulation model s representing
full and intermediate complexity.

19.7.8. Looking across Analytic Approaches

Looking across the different analytic approaches (implicitly,
the different reasons for concern), it is clear that to a great
extent they complement and in many respects do not overlap
each other. Combining these approaches into an integrated
framework is the ambition of IAMs, at least in principle.
However, this process is just starting. Because observed
evidence has not been incorporated in the other analytic
approaches, impacts to unique and threatened systems have not
been accounted for in aggregate and |AM approaches, they are
difficult to sum, and large-scale irregular impacts have only
begun to be addressed, it does not appear to be feasible yet to
combine these approaches into a comprehensive analytic
approach. Thus, those who are seeking to implement climate
policies must currently do their own integration of information
from the alternative lines of inquiry.

19.8. Conclusions

This chapter focuses on certain reasons for concern with regard
to what might be considered a “dangerous’ climate change
(reported as increases in global mean temperature; see Section
19.1.2). Each reason for concern can be used by itself or in
combination with other reasons for concern to examine different
aspects of vulnerability to climate change. We offer no judgment
about how to use some or al of these reasons for concern to
determine what is a dangerous level of climate change. The
reasons for concern are as follows:

1) The relationship between global mean temperature
increase and damage to or irreparable loss of unique
and threatened systems

2) The relationship between global mean temperature
increase and the distribution of impacts

3) The relationship between global mean temperature
increase and globally aggregated impacts

4) The relationship between global mean temperature
increase and the probability of extreme weather events

5) The relationship between greenhouse concentrations
and the probability of large-scale singular events.

In addition, we address what observed effects of climate
change tell us with regard to Article 2 of the UNFCCC. We
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review the state of knowledge with regard to what observations
and each reason for concern tell us about climate change impacts.

19.8.1. Observations

Based on areview of the literature of observations of climate
change impacts, asreflected in other TAR chapters, we conclude:

o Statistically significant associations between trends in
regiona climate and impacts have been documented in
~10 physical processes and ~450 biological species, in
terrestrial and marine environments on all continents.
Although the presence of multiple factors (e.g., land-use
change, pollution, biotic invasion) makes attribution of
observed impacts to regiona climate change difficult,
more than 90% (~99% physical, ~80% biophysical) of
the changes documented worldwide are consistent with
how physical and biological processes are known to
respond to climate. Based on expert judgment, we have
high confidence that the overall patterns and processes
of observations reveal awidespread and coherent impact
of 20th-century climate changes on many physical and
biological systems.

e Signds of regiona climate change impacts may be
clearer in physical and biological systems than in
socioeconomic systems, which also are simultaneously
undergoing many complex changes that are not related
to climate, such as population growth and urbanization.
There are preliminary indications that some social and
economic systems have been affected in part by 20th-
century regiona climate changes (e.g., increased damages
from flooding and droughts in some locations). It
generaly is difficult to separate climate change effects
from coincident or aternative explanations for such
observed regional impacts.

Thereis preiminary evidence that unique and threstened sysems
are beginning to be affected by regional climate change and
that some systems have been affected by recent increases in
extreme climate events in some areas. Many high-latitude and
high-altitude systems are displaying the effects of regional
climate change. It is difficult to define observed impacts at
aggregate levels, and evidence of large-scale singular events
occurring as aresult of recent climate change is lacking.

19.8.2. What does Each Reason for Concern | ndicate?

Looking across these different reasons for concern, what can
we conclude about what change in global average temperature
is“dangerous’ ? Afew genera caveats apply:

* In spite of many studies on climate change impacts,
thereis still substantial uncertainty about how effective
adaptation will be (and could be) in ameliorating negéative
effects of climate change and taking advantage of postive
effects.
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e The effect of changes in baseline conditions, such as
economic growth and devel opment of new technologies,
that could reduce vulnerability has not been adequately
considered in most impact studies.

*  Most impact studies assess the effects of a stable climate,
so our understanding of what rates of change may be
dangerousis limited.

It does not appear to be possible—or perhaps even appropriate—
to combine the different reasons for concern into a unified reason
for concern that has meaning and is credible. However, we can
review the relationship between impacts and temperature over
the 21st century for each reason for concern and draw some
preliminary conclusions about what change may be dangerous
for each reason for concern. Note that the following findings do
not incorporate the costs of limiting climate change to these
levels. Also note that there is substantial uncertainty regarding
the temper atures mentioned bel ow. These magnitudes of change
in global mean temperature should be taken as an approximate
indicator of when various categories of impacts might happen,;
they are not intended to define absolute thresholds.

For simplification, we group different levels of global mean
temperature increase into “smal,” “medium,” and “large.”
“Small” denotes a global mean temperature increase of up to
approximately 2°C;4 “medium” denotes a global mean
temperature increase of approximately 2-3°C; and “large”
denotes a global mean temperature increase of more than
approximately 3°C. In addition, changes in global mean
temperature do not describe al relevant aspects of climate-
change impacts, such as rates and patterns of change and
changes in precipitation, extreme climate events, or lagged (or
latent) effects such asrising sea levels.

19.8.2.1. Unique and Threatened Systems

Tropical glaciers, cora reefs, mangroves, biodiversity “hot spots,”
and ecotones are examples of unique and threatened entities
that are confined to narrow geographica ranges and are very
sensitive to climate change. However, their degradation or loss
could affect regions outside their range. There is medium
confidence that many of these unique and threatened systems will
be affected by asmall temperature increase. For example, coral
reefswill bleach and glaciers will recede; at higher magnitudes
of temperature increase, other and more numerous unique and
threatened systems would become adversely affected.

19.8.2.2. Distributional Impacts

The impact of climate change will not be evenly distributed
among the peoples of the world. There is high confidence that

4A 2°C warming from 1990 to 2100 would be a magnitude of
warming greater than any that human civilization has ever
experienced. Thus, “small” does not necessarily mean negligible.
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developing countries tend to be more vulnerable to climate change
than developed countries, and there is medium confidence that
climate change would exacerbate income inequalities between
and within countries. There also is medium confidence that a
small temperature increase would have net negative impacts on
market sectors in many developing countries and net positive
impacts on market sectors in many developed countries.
However, there is high confidence that with medium to high
increases in temperature, net positive impacts would start to
decline and eventually turn negative, and negative impacts
would be exacerbated. Estimates of distributional effects are
uncertain because of aggregation and comparison methods,
assumptions about climate variability, adaptation, levels of
development, and other factors. In addition, impacts are likely
to vary between and within countries. Thus, not all devel oping
or developed countries will necessarily have benefits or damages
in unison.

19.8.2.3. Aggregate |mpacts

With asmall temperature increase, there is medium confidence
that aggregate market sector impacts would amount to plus or
minus a few percent of world GDP; there is low confidence
that aggregate nonmarket impacts would be negative. Some
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studies find a potential for small net positive market impacts
under asmall to medium temperature increase. However, given
the uncertainties about aggregate estimates, the possibility of
negative effects cannot be excluded. In addition, most people
in the world would be negatively affected by asmall to medium
temperature increase. Most studies of aggregate impacts find
that there are net damages at the global scale beyond a medium
temperature increase and that damages increase from there with
further temperature increases. The important qualifications
raised regarding distributional analysis also apply to aggregate
analysis. By its nature, aggregate analysis masks potentially
serious equity differences. Estimates of aggregate impacts are
controversial because they treat gains for some as cancelling
out losses for others and because weights that are used to
aggregate over individuals are necessarily subjective.

19.8.2.4. Extreme Climate Effects

The frequency and magnitude of many extreme climate events
increase even with a small temperature increase and will
become greater at higher temperatures (high confidence).
Extreme events include, for example, floods, soil moisture
deficits, tropical and other storms, anomalous temperatures, and
fires. Theimpacts of extreme events often are large locally and
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Figure 19-7: Impacts of or risks from climate change, by reason for concern. Each row corresponds to a reason for concern;
shades correspond to severity of impact or risk. White means no or virtually neutral impact or risk, light gray means somewhat
negative impacts or low risks, and dark gray means more negative impacts or higher risks. Global average temperaturesin the
20th century increased by 0.6°C and led to some impacts. Impacts are plotted against increases in global mean temperature
after 1990. This figure addresses only how impacts or risks change as thresholds of increase in global mean temperature are
crossed, not how impacts or risks change at different rates of change in climate. Temperatures should be taken as approximate

indications of impacts, not as absolute thresholds.
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could strongly affect specific sectors and regions. Increases in
extreme events can cause critical design or natura thresholds
to be exceeded, beyond which the magnitude of impacts
increases rapidly (high confidence).

19.8.2.5. Large-Scale Sngularities

Large-scale singularities in the response of the climate system
to externa forcing, such as shutdown of the North Atlantic
THC or collapse of the WAIS, have occurred in the past as a
result of complex forcings. Similar events in the future could
have substantial impacts on natural and socioeconomic systems,
but the implications have not been well studied. Determining the
timing and probability of occurrence of large-scale singularities
is difficult because these events are triggered by complex
interactions between components of the climate system. The
actual impact could lag the climate change cause (involving
the magnitude and the rate of climate change) by decades to
millenia. There is low to medium confidence that rapid and
large temperature increases would exceed thresholds that
would lead to large-scale singularities in the climate system.

Figure 19-7 sums up the reasons for concern regarding impacts
relative to change in temperature. Each row corresponds to a
reason for concern, and the shades correspond to the severity
of impact or risk. White means no or virtually neutral impact
or risk, light gray means somewhat negative impacts or low
risks, and dark gray means more negative impacts or higher
risks. The period 1850-1990 warmed by 0.6°C and led to some
impacts. Unique and threatened systems were affected, and the
magnitude and frequency of some extreme events have
changed. Future impacts are plotted against increases in global
mean temperature after 1990.

Adverse impacts are estimated to occur in three reasons for
concern even at a small increase in temperature: unique and
threatened systems, extreme weather events, and distributional
impacts. For the other two reasons for concern—adverse
impacts and large-scal e discontinuities—adverse impacts begin
at the medium level of temperature increase for the former and
alarge temperature increase for the latter.
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