by Kevin E. Trenberth

Stronger Evidence of Human

Influences on Climate
The 2001 IP CC Assessment

he third assessment from Working Group | of the Intergovern-

mental Panel on Climate Change (IPCC),! issued in January

2001, reaffirmed previous findings but with much stronger lan-

guage. Its message is clear: The Earth’s climate is changing in
ways that cannot be accounted for by natural variability—"global warming”
isindeed happening. This article provides an outline of the IPCC process (see
the box on page 11), as well as a summary of and commentary on the main
findings of Working Group |.




IPCC reports on the evolving science
of globa climate change, focusing spe-
cia attention on the ways in which
human activities affect the climate.
IPCC reviews the evidence for climate
change and the possible causes and con-
siders how the climate system responds
to various agents of change. Because our
climate models are smplified versions
of the real world and are still being
improved upon, IPCC eval uates the abil -
ity of models to describe the processes
involved in the climate system and the
functioning of the system as a whole.
The panel seeks to attribute recent
observed changes to possible causes,
especialy the human influences, and
then, using climate models, projects
future change from those causes.

Climate changes have occurred in the
past naturally for various reasons, over
periods ranging from decades to millen-
nia. Fluctuationsin the sun’s energy out-
put and other factors that influence the
amount and fate of the energy that reach-
es the Earth's surface have caused natur-
a climate change. And now, by greatly
changing the composition of the atmos-
phere, humankind is performing an
enormous geophysical experiment.?
Human actions ater the Earth’s environ-
ment in ways that cause cli-
mate change.® Legitimate
debates go on about the
extent and rate of change
and what, if anything, can
be done about it, but that
the experiment is under- 04
way is not in doubt.

Land use (eg., farming o 0z
and building cities), stor- = 00
age and use of water (e.g., 2
dams, reservoairs, and irri- 2 .hp
gation), generation of heat <
(e.g., furnaces), and the use 0.4
of fossil fuels are the 06

human-induced environ-
mental changes that most
influence the climate. The
use of fossil fuels intro-
duces visible particulate
pollution (called aerosols)
and gases such as carbon
dioxide (CO,) into the

atmosphere, both of which
alter the balance of radiation
on Earth. These gases are
relatively transparent to
incoming solar radiation, yet
they absorb and reemit out-
going infrared radiation. The
resulting blanketing effect is
known as the greenhouse
effect, and the gasesinvolved
are called greenhouse gases.
Not al greenhouse gases are
the result of human activi-
ties. There is a large natural
greenhouse effect that makes
the Earth habitable. The
increase in CO, levels over
thelast century or two from human activ-
ities, as well as the introduction of other
greenhouse gases more recently, mean
that more energy stays in the system.
Global warming and the associated cli-
mate change are the expected results.

Observed Climate Change

Records of surface temperature show
that a global mean warming of about
0.7°C has occurred over the past 100
years. |PCC reports this change as 0.6 +
0.2°C, but this is a linear fit to what is

—Figure 1. Departures of global annual mean
temperature from 14°C, 1860-2000
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The final plenary of the IPCC Working Group I, with the
cochairs, Sr John Houghton of the United Kingdom
(right) and Y. Ding of China (left).

obvioudy not alinear trend (see Figure 1
below for the instrumental record of
global mean temperatures). Tempera-
tures increased most noticeably from the
1920s to the 1940s; they then leveled off
from the 1950s to the 1970s and took off
again in the late 1970s. The 1990s mark
the warmest decade on record, and 1998
is by far the warmest year on record,
exceeding the previous record held by
1997. Preliminary annua globa mean
temperatures in the year 2000 were about
the same as for 1999. Synthesis of infor-
mation from tree rings, coras, ice cores,
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NOTE: This figure shows the departures of the global mean temperature from 14°C (the mean
from 1961-1990) for the years 1860—2000.

SOURCE: Data provided by Hadley Center, United Kingdom Meteorological
Office, and Climate Research Unit, University of East Anglia.
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The IPCC and Its Latest Report

mate Change (IPCC) is abody of

scientists from around the world
convened by the United Nations jointly
under the United Nations Environment
Programme (UNEP) and the World Mete-
orologica Organization (WMO). Initiated
in 1988, its mandate is to provide policy
makers with an objective assessment of
the scientific and technica information
available on climate change, the expected
environmental and socioeconomic impacts
of the changes, and possible response
options. The assessment should be policy
relevant but not policy prescriptive.

IPCC has performed three major
assessments of the state of knowledge and
degree of understanding of climate sci-
ence. The first and second were complet-
ed in 1990 and 1995, respectively, and the
third in January to March 2001. IPCC is
made up of three major working groups,
each of which includes participants from
the United Nations countries. In the 2001
assessment, Working Group (WG) |
reported on the science of climate change,
WG Il enumerated the impacts of climate
change and options for adaptation to such
changes, and WG |1 spelled out the
options for mitigating and slowing climate
change, including possible policy options
(see the figure below).

For the third assessment, WG | includ-
ed 123 lead authors, 516 contributors, 21
review editors, and more than 700 review-
ers. The report is about 1,000 pages,
including a Technical Summary, a short
Summary for Policy Makers (SPM), and
14 chapters.!

Each new IPCC report reviews al the
published literature over the previous five
years or S0, assesses the state of knowl-
edge, and tries to reconcile disparate
claims, resolve discrepancies, and high-
light uncertainties. The IPCC processis
very open. Two maor reviews were car-
ried out in producing the most recent
report. Skeptics can and do participate,
some as authors. The strength of the
processisthat it yields a consensus report.
It is not necessarily the latest or greatest
science. It istoo long for readability, but
because it does sort out what can be reli-
ably stated, it serves as a useful reference.
The weakness in the processis that the
writing of al chapters and the operations
of each working group are done in paral-
lel. This means that, because the results
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from one chapter and group cannot be
readily used by the others, the impacts of
climate change, for example, might be
assessed based on dated estimates of
what might happen. Several plenary ses-
sions of al authors help to cut down on
conflicts, gaps, and duplication, but some
of those problems are dmost inevitable.
The summaries provide more digestible
material for most readers and are avail-
able on the Internet.?

The WG | Summary for Policy Makers
was approved line by line by governments
in amgjor meeting, which took place over
four daysin Shanghal in January 2001.3
Governments officials participate in the
process along with scientists. The rationae
here is that the scientists determine what
can be said, but the governments determine
how it can best be said. Negatiations occur
over wording to ensure accuracy, baance,
clarity of message, and relevance both to
understanding the science and to policy.

In Shanghai, there were about 100
countries represented by delegations,
roughly 10 nongovernmental organiza-
tions, and about 42 scientists. Simultane-
ous trandation occurred throughout the
meeting into English, French, Spanish,
Russian, Chinese, and Arabic. The IPCC
process depends on the goodwill of the
participants to produce a balanced assess-
ment. However, in Shanghal, it appeared
that there were attempts to blunt and per-
haps obfuscate the messages in the report,
most notably by Saudi Arabia Thisled to
very protracted debates over wording on
even bland and what should have been
uncontroversial text. For

inordinate amounts of time. The final
wording stated, “Many hundreds of scien-
tists from many countries participated in
its preparation and review.” These kinds of
delays quickly disrupted the schedule, and
arrangements for extra evening sessions
had to be made. During the limited
bresks, authors of the report worked with
delegates in side mestings to craft revised
text for submission to the plenary. There
were no coffee breaks at any time. The
chairman, Sir John Houghton of the Unit-
ed Kingdom, and those who helped run
the meeting showed fortitude in their
unflagging commitment to continue with-
out taking a break. On the second day, fol-
lowing a one and a half-hour break to
quickly consume the evening med, the
session ran until 10:45 p.m. The days
began for most of the participants at 8:00
am. with sidebar meetings. Adjournment
on the third day was at 11:30 p.m., and
the SPM was finally approved at 12:45
am. on the find day. The meeting closed
just after 1:00 am. In many ways the
meeting became one of endurance. In
spite of these trids and tribulations, the
result is a reasonably balanced consensus
summary. However, the Summary for Pol-
icy Makers did grow to about double the
initia draft length during the course of the
meeting and became more technica than
desirable for policy makers.

1. IPCC, Climate Change 2001: The Scientific
Basis, J. T. Houghton et al., eds. (Cambridge U.K.:
Cambridge University Press, 2001) (in press).

2. For details, see http:/mww.ipcc.ch.

3. Working Groups |1 and I11 had not yet complet-
ed their work at the time this article was written.

instance, the opening intro-
ductory paragraph of five
lines took more than an hour
and a half to work out, and

IPCC components and working
group responsibilities

then with asmall group spun
off to recommend revised
wording. The draft sen-
tence—“Many hundred of
scientists contributed to its
preparation and review” —
was the primary focus. The
sentenceis factual but was
challenged on grounds that it
implied that al of these sci-
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NOTE: WG = Working Group.
SOURCE: K. Trenberth.
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and historical data further indicates that
the 1990s are the warmest decade in at
least the past 1,000 years for the North-
ern Hemisphere, which is as far back as
annual-resolution hemispheric estimates
of temperatures can be made.* The melt-
ing of glaciers over most of the world
and rising sea levels confirm the reality
of the global temperature increases.
There is good evidence from measure-
ments of sea level pressure, wind, and
temperature over the twentieth century for
decadal changesin the atmospheric circu-
lation and some evidence for similar
ocean changes. For instance, theseinclude
changes in winds over the North Atlantic
and Europe related to the phenomenon
known as the North Atlantic Oscillation
and changes in El Nifio.> Such observa
tions signal that increases in temperature
are not uniform or monotonic. For exam-
ple, some places warm more than the
average, while other places cool. Changes
in precipitation and other components of
the hydrologica cycle adso vary consider-
ably geographically. For instance, it is
likely that precipitation has increased by
perhaps 1 percent per decade during the
twentieth century over most mid- and
high-latitude continents of the Northern

I

Hemisphere. Changes in climate variabil-
ity are also being seen and changes in
extremes are beginning to emerge. Per-
haps of greatest note are the observed
increases in the heat index (which mess-
ures humidity and temperature effects on
comfort) and the observed trend toward
more intense precipitation events.

One persistent controversy in climate
change science has been the discrepancy
between the trend seen in the so-called
satellite temperature record and that seen
in the temperature record from the Earth’s
surface. The controversy stems in part
from the fact that the two data sets do not
measure the same phenomenon. The
satellite record, which begins in 1979,
measures microwave radiation from the
lowest 8 kilometers of the Earth’s atmos-
phere and thus depicts temperatures in
that part of the atmosphere, which are
quite different from those at the surface.
Climate models that assess the scenario
of increasing greenhouse gases suggest
that warming in the lower atmosphere
should be greater than that at the surface.
But here is the point of contention for
skeptics: The observed satellite record
shows less warming from 1979-1999.
Consequently, doubt has been cast on the

Global warming is likely to amplify weather extremes. More powerful weather events,
such as storm surges associated with hurricanes, have the potential to cause increased

damage to infrastructure.
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veracity of both the surface temperature
record and the models. However, when
the observed stratospheric ozone deple-
tion isincluded in the models, the models
predict that the surface and tropospheric
temperatures increase at about the same
rate. In fact, this is what has happened
from about 1960 to the present based on
balloon observations, which replicate the
satellite record after 1979. Because the
satellite record includes only two decades,
the influence of El Nifio and the eruption
of Mt. Pinatubo in 1991 leads to a dispro-
portionate relative downward trend in
temperatures observed in the lower atmos-
phere. Other effects, such as changes in
cloud cover, have not been accounted for
by the models and may also affect the two
records differently. Accordingly, the dif-
ferent short-term trend in the satellite
record is not a odds with the warming in
the surface record.

The Climate System and
Its Driving Forces

Because we humans live in and
breathe the atmosphere, it is natural for
us to focus on the atmospheric changes.
But the atmosphere is only one element
of agreater climate system that involves
interactions among various internal
components and externa forcings. The
internal, interactive components include
the atmosphere, the oceans, sea ice, the
land and its features (including the veg-
etation, abedo, biomass, and ecosys-
tems), snow cover, land ice, and the
hydrology of the land (including rivers,
lakes, and surface and subsurface water).
Thefactorsthat are normally regarded as
externa to the system include the sun
and its output, the Earth’s rotation, sun-
Earth geometry and the slowly changing
orbit, the physical components of the
Earth system such as the distribution of
land and ocean, the topographic features
on the land, the ocean-bottom topogra-
phy and basin configurations, and the
mass and basic composition of the atmos-
phere and the oceans. These factors
determine the mean climate, which may
vary from natural causes. Climate varia-
tions arise naturally when the atmos-
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phere isinfluenced by and interacts with
other internal components of the system
and “external” forcings.

The continual flow of radiation from
the sun provides the energy that drives
the Earth’s climate. About 31 percent of
that radiation gets reflected back into
space by molecules, tiny airborne parti-
cles (aerosols), clouds, or by the Earth’s
surface and thus plays no part in the cli-
mate. The sun's massive energy input
leads to warming. To maintain a balance,
the Earth radiates back into space, in the
form of “long-wave’ or infrared radiation,
roughly the same amount of energy that it
receives. The amount of radiation lost
from the top of the atmosphere to space
corresponds to agloba mean surface tem-
perature of about -19°C, much colder than
the annual average global mean tempera-
ture of about 14°C. The higher mean tem-
perature of the Earth, given the amount of
energy radiated from its surface, can be
explained by the existence of the atmos-
phere. The Earth’s atmosphere intercepts
the bulk of energy emitted at the surface
and, in turn, reemits energy both toward
space and back to the Earth. The energy
that escapesinto space is emitted from the
tops of clouds at various atmospheric lev-
els (which are dmost always colder than
the surface) or by atmospheric gases that
absorb and emit infrared radiation. These
greenhouse gases, notably water vapor
and CO,, produce a blanketing effect
known as the natura greenhouse effect.
Water vapor gives rise to about 60 percent
of the current greenhouse effect and CO,
accounts for about 26 percent.® Clouds
aso absorb and emit infrared radiation
and have ablanketing effect similar to that
of the greenhouse gases. But because
clouds also reflect solar radiation, they act
to cool the surface. Though on average the
two opposing effects offset one another to
a large degree, the net globd effect of
clouds in our current climate, as deter-
mined by space-based measurements, is a
smdll cooling of the surface.

Human Influences

The amount of CO, in the atmosphere
has increased by about 31 percent since
the beginning of the Industrial Revolu-
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tion, from 280 parts per
million (ppm) by volume
to 367 ppm. This increase
is due mainly to combus-
tion of fossi| fuels and the
removal of forests. Projec-
tions of future CO, con-
centrations suggest that, in
the absence of controls,
the rate of increase may
accelerate and thus double
the concentrations of CO,
from pre-industria levels
within the next 50 to 100
years. Human activities

Reductions in vegetative cover can affect the amount of
moaisture in a region as well as the amount of solar

(especially biomass burn- radiation reflected from the Earth’s surface.

ing; agriculture; animal
husbandry; fossil fuel
extraction, digtillation, and use; and the
creation of landfills and rice paddies)
have increased the atmospheric concen-
trations of several other greenhouse gases
(methane, nitrous oxide, chlorofluorocar-
bons (CFCs)) and tropospheric ozone.
These other greenhouse gases tend to
reinforce the changes caused by increased
CO, levels. However, the observed
decreases in lower stratospheric ozone
since the 1970s, caused principaly by
human-introduced CFCs and halocar-
bons, contribute a small cooling effect.
Aerosols enter the atmosphere natu-
rally when they are blown off the surface
of desertsor dry regions, blasted into the
atmosphere during volcanic eruptions,
or released during forest fires. They
impact climate in various ways. For
instance, the aerosols introduced into the
atmosphere during the eruption of Mt.
Pinatubo in the Philippinesin June 1991
blocked enough radiation for two years
to cause observable cooling. Human
activities contribute to aerosol particle
formation mainly through emissions of
sulfur dioxide (SO,) (a major source of
acid rain), particularly from coal-burn-
ing power stations and through biomass
burning. Sulfate aerosols, visible as a
milky, whitish haze from airplane win-
dows, reflect afraction of solar radiation
back to space and hence work to cool the
Earth’s surface. Some aerosols, like
soot, absorb solar radiation and lead to
local warming of the atmosphere. Other

aerosols absorb and reemit infrared radi-
ation. Aerosols play till another role.
By acting as the nuclei on which cloud
droplets condense, they affect the num-
ber and size of droplets in a cloud and
thereby alter the reflective and absorp-
tive properties of clouds.” Aerosols
from human activities are mostly intro-
duced near the Earth’'s surface and are
often washed out of the atmosphere by
rain. They typically remain aloft for
only a few days near their sources.
Aerosols therefore have a very strong
regional affect on the climate, usually
producing cooling.

The determination of the climatic
response to the changes in heating and
cooling is complicated by feedbacks.
Some of these feedbacks amplify the
original warming (positive feedback)
and others serve to reduce warming
(negative feedback). If, for instance, the
amount of CO, in the atmosphere were
suddenly doubled while all other factors
remained constant, the amount of ener-
gy absorbed by the atmosphere would
increase. With additional energy trapped
in the system, anew balance would have
to be reached. To accomplish this bal-
ance the atmosphere would have to warm
up. In the absence of other changes, the
warming at the surface and throughout
the troposphere would be about 1.2°C.2
In reality, many other factors could
change as a resuit of doubled CO, con-
centrations, and various feedbacks would
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come into play. When the positive and
negative feedbacks are considered, the
best IPCC estimate of the average global
warming for doubled CO, is 2.5°C. The
net effect of the feedbacks is positive
and, in fact, roughly doubles the global
mean temperature increase otherwise
expected. Increases in water vapor that
accompany warming contribute the
strongest positive feedback.

Modeling of Climate Change

To quantify the response of the climate
system to changes in forcing, the com-
plex interactions and feedbacks among
the components must be accounted for
(see Figure 2 on this page). Numerical
models of the climate system based upon
sound, well-established physical princi-
ples arethetools used to estimate climate
change. Experiments can be run with cli-
mate models in which concentrations of
greenhouse gases or other influences,
like aerosols, are varied. The best models
capture the current understanding of the
physical processes involved in the cli-
mate system, the interactions among the
processes, and the performance of the
system as awhole. The predictive powers
of a model can be tested by running the
model with known forcings from the past

—Figure 2. The climate system and its driving forces ——

through it and then comparing the results
to actua climate records. Though models
are exceedingly useful tools for carrying
out numerical climate experiments, they
do have limitations and must be used
carefully.® The latest models have been
able to reproduce the climate of the past
century or so with increasing accuracy
(see Figure 3 on page 15). Thusthe glob-
a mean temperature record is well repli-
cated within limits imposed by natural
fluctuations merely by specifying the
changes in atmospheric composition and
changesin the sun.

Detection and Attribution

Two main issues that must be settled
before politiciansare likely to take action:
First, it must be discerned whether the
recent climate has changed more than
expected from natural variability; second,
observed climate changes must be attrib-
uted to various causes, including human
influences. Several key points that
emerged from the recent IPCC assess-
ment address these issues:

» The magnitude and rate of change of
mean surface temperature globally, or
at least in the Northern Hemisphere,
over the past few decades is outside
the range of anything deduced from
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paleo-climate records of the last 1,000
years. Data are inadequate before that.
Estimates of internal climate variabili-
ty (how much climate can vary from
natural causes not including changes
in the sun) derived from models are
reasonably consistent with the pre-
industrial variability deduced from
paleo-climate data. Together, the esti-
mates from model and paleo-climate
observations provide more reliable
estimates of the natural variability.
Consequently, given the better sense
of natural climate variability, detection
of climate change is much clearer now
than it was five years ago. Hence, it is
very unlikely that recent climate
change is natura in origin.

The natural forcing agents (e.g.,
solar and volcanoes) over the last
two to four decades are likely to
have had a net cooling effect and,
thus, cannot be a cause of the recent
increase in temperature.

A combination of internal climate
variability, natural forcing, and per-
haps small anthropogenic forcing can
account for the increases in the
observed globally averaged surface
temperature up until about 1970.
Increases in solar radiation may
account, in part (perhaps 0.15 to
0.2°C), for the warming between
about 1920 and 1940, even though
solar changes are poorly known
before 1979 when satellite observa-
tions began (see Figure 3). However,
it is also probable that a natural com-
ponent related to changes in North
Atlantic Ocean circulation may have
played arole.

The rate and magnitude of the warm-
ing over the last few decades cannot be
explained unless the net human influ-
enceisone of warming over thelast 30
years. Uncertainties in cooling by
aerosol forcing (especidly the effects
on clouds) are therefore constrained.
The nearer the “balance” or the offset
between positive anthropogenic
greenhouse gas forcing and negative
anthropogenic aerosol forcing over
the last 50 years, the larger the climate
responsiveness needs to be to explain
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warming over recent decades. For
instance, if the net warming is small,
the climate system must be quite sensi-
tive to that warming to produce the
observed temperature change. But if
the warming is larger, the climate sys-
tem must be less sengitive to produce
the same temperature change. This has
implications for future predictions.

The line of argument shown by these
pointsis open to the criticism that thereis
some circular reasoning involved. The
objective of attributing climate change to
specific causes is to account for the
change in temperature, but the tempera-
ture change itself isinvoked as part of the
argument. |deally, only the knowledge of
forcingsand responsiveness of the system,
as given by models, are used to replicate
the observed temperature. Neither the
forcings nor the true sensitivity of the sys-
tems are known well enough to proceed in
this manner. Climate modelers attempt to
avoid such atrap by basing their models
on sound physical principles. However,
many parameters have to be chosen when
developing models. Although the choices
are based on knowledge of the processes,
and the parameters are physically based,
thereis ample scope for unintentiond tun-
ing. For example, the brightness of clouds
depends on the size and number of cloud
droplets but varies from cloud to cloud
and is not known well. Choice of a partic-
ular value for the model clouds may com-
pensate for shortcomingsin the amount of
cloudsin the model. Inevitably, running a
model with two different sets of parame-
tersyields different results, and the set that
brings the model into best agreement with
observations is chosen for further use in
the model. It is important, therefore, to
recognize that the procedure is not as
objective as it might appear and that
uncertainties remain.

The most contentious section in the
Summary for Policy Makers proved to
be the concluding paragraph on attribu-
tion. After much debate, a carefully
crafted statement was agreed upon: “In
the light of new evidence, and taking
into account the remaining uncertain-
ties, most of the observed warming over
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—Figure 3. Simulation of temperature change
under three forcing mechanisms

(a) Natural forcings
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NOTE: Climate models can be used to simulate the temperature changes that
result from natural and anthropogenic causes. The simulations represented in Fig-
ure 3awere done with only natural forcings: solar variation and volcanic activity.
Figure 3b represents simulations with only anthropogenic forcings: greenhouse
gases and aerosols. Figure 3c represents simulations with both natural and anthro-
pogenic forcings. Notice that when human and natural forcings are included, the
simulations most closely match the observed temperature changes. Such compar-
isons suggest that anthropogenic forcings provide a plausible explanation for a
substantial part of the observed temperature change over the past century.

SOURCE: IPCC, Climate Change 2001: The Scientific Basis, J. T. Houghton et d.,
eds. (Cambridge U.K.: Cambridge University Press, 2001) (in press). Based on P.
A. Stott et d., “Externa Control Of Twentieth-century Temperature Variations by
Natural and Anthropogenic Forcings,” Science 281, 15 December 2000, 2133-37.

(c) All forcings

(b) Anthropogenic forcings
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the last 50 years is likely to have been
due to the increase in greenhouse gas
concentrations.” Moreover, although not
highlighted by IPCC, increasing evi-
dence suggests that the signal of human
influence on climate emerged from the
noise of natural variability in about
1980 and will only get larger.
Theimplications of these findings may
befeltin the near future. The models pre-
dict that global temperature increases of
0.1 to 0.2°C over the next decade are
likely unless volcanic eruptions inter-
fere.X0 Time will tell whether the assess-
ment is correct, perhaps within a decade.

Prediction of Climate Change

Climate models have been used to pro-
ject the effects of future global warming

to the year 2100. Because human activi-
ties are not predictable in any determin-
istic sense, “predictions’ based on human
influences necessarily contain a“what if”
emissions scenario. IPCC presumes that
these predictions will be used for plan-
ning purposes, including actions to pre-
vent undesirable outcomes, consistent
with the Framework Convention on Cli-
mate Change. Such actions, which are a
consequence of the prediction, may
change the outcome and thus make the
prediction wrong. Accordingly, they are
not truly predictions but rather projec-
tions that are tied to particular emissions
scenarios. This is an important point,
because some skeptics have ignored the
distinction and misused it to challenge
findings. For example, in 1990, only sce-
narios with increasing greenhouse gases
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were used. Then, in 1995, the first primi-
tive scenarios with aerosols were includ-
ed, which produced a cooling. Some
skeptics, pointing to this difference,
claimed that the models had changed and
were therefore suspect, when, in fact, it

was the scenarios that had changed, not
the models. In addition, for a given sce-
nario, the rate of temperature increase
depends on the model used and how, for
instance, the model depicts features such
asclouds. It isfor this reason that arange

The IPCC Special Report on
Emissions Scenarios (SRES)

dioxide (CO,) emissions into the

atmosphere that are consistent
with each other, rather than extrapolat-
ing past values, different scenarios are
created for how the countries of the
world develop. The following factors
are used when formulating the future
scenarios: population growth, econom-
ic growth, technology devel opment,
diversity, and inter-country equity in
standard of living. Within a given sce-
nario, many possibilities, referred to as
“storylines,” can occur. The storyline
actually realized often depends upon
capricious happenings such as the out-
come of the vote in the 2000 U.S.
presidentia election.

Al. TheA1 storyline and scenario
family describes a future world of very
rapid economic growth, a global popu-
lation that peaks in mid-century and
declines thereafter, and the rapid intro-
duction of new and more efficient
technologies. Major underlying themes
are reduction in disparities of standards
of living among regions, capacity-
building through education and train-
ing, and increased cultural and social
interactions, with a substantial reduc-
tion in regional differencesin per capi-
taincome. The A1 scenario family
branches out into three groups that
describe aternative directions of tech-
nological change in the energy system.
The three A1 groups are distinguished
by their technological emphasis: fossil
intensive (A1F1), nonfossil energy
sources (A1T), or abalance across all
sources (A1B) (where balanced is
defined as not relying too heavily on
one particular energy source, on the
assumption that similar improvement
rates apply to al energy supply and
end-use technologies).

A2. The A2 storyline and scenario
family describe a very heterogeneous
world. The underlying theme is self-

To build projections of carbon
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reliance and preservation of local
identities. Fertility patterns across
regions converge very slowly, which
results in a continuously increasing
population. Economic development is
primarily regionally oriented, with per
capita economic growth and techno-
logical change more fragmented and
slower than other storylines.

B1. The B1 storyline and scenario
family describe a world with reduction
in disparities in standards of living, a
global population that peaks in mid-
century and declines thereafter, like
the Al storyline, but with rapid
change in economic structures toward
a service and information economy,
reductions in use of raw materials, and
the introduction of clean and resource-
efficient technologies. The emphasisis
on global solutions to economic,
social, and environmental problems,
sustainability, and improved equity
among nations and their peoples, but
without additional initiatives designed
to address climate change issues.

B2. The B2 storyline and scenario
family describe aworld in which the
emphasis is on local solutions to eco-
nomic, social, and environmental sus-
tainability. It is aworld with continu-
ously increasing global population, at
arate lower than A2, intermediate lev-
€ls of economic development, with
less rapid and more diverse technolog-
ical change than in the B1 and A1 sto-
rylines. While the scenario is also ori-
ented towards environmental
protection and social equity, it focuses
on local and regional levels.

These six scenario groups branch
out further into atotal of 35 emissions
scenariosin al, but A1B, A1FI, A1T,
A2, B1, and B2 areillustrative of the
spread of possible futures (see Figure 4
on page 18 for projections of CO, con-
centrations, temperature change, and
sea level rise under these scenarios).

of possible outcomes exists. About half of
the spread in range of values at 2100 is
due to uncertainties in models. The
spread in values is unrelated to the sce-
narios and should not be considered as
representative of anything real. The rest
of the spread in range can accounted for
by the different scenarios.

In 2001, the future emissions scenar-
ios were set up by the Special Report on
Emissions Scenarios (SRES)™ (see the
box on this page) and included 35 sce-
narios. The projections for six “illustra-
tive” CO, emission scenarios are given
in Figure 4a on page 18 For each emis-
sions scenario, |PCC cal cul ates expected
concentrations of CO,,. In the year 2100,
the projected values range from about
550 ppm to amost 1,000 ppm, com-
pared with 367 ppm at present. Projec-
tions of temperature change and sea
level rise for these same scenarios are
shown in Figures 4b and 4c on page 18.
When the range of uncertainties is fac-
tored in and the projections for 2100
across al 35 scenarios are analyzed,
there is an increase in the global mean
temperature from 1.4°C to 5.8°C (see
Figure 4b). Most increases fall between
2°C to 4°C. These numbers exceed those
in the 1995 IPCC report, which showed
temperature changes ranging from about
1°C to 3.5°C.%2 The increase is higher
mainly because the new emissions sce-
narios include lower sulfur emissions
(which are likely to be reduced for air
quality reasons). The 35 scenarios also
expand the range of possibilities from
the last report and contribute to the range
in temperature projected in 2100. Modi-
fications in carbon cycle models that
convert emissions to concentrations and
in climate models account for less than
20 percent of the deviation between the
1995 IPCC report and this year’s report
and thus do not account for much change
in the range.

Figure 4c aso shows the correspond-
ing sea-level rise. Because heat pene
trates sowly into the voluminous oceans,
sea-level rise is expected to be manifest-
ed over alonger period of time than tem-
perature change. Because the heat inputs
that have already occurred will only
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work their way through the system slow-
ly, even in the unlikely scenario of amas-
sive reduction in greenhouse gas emis-
sions, sea-level rise will continue
unabated. Note again that though these
projections include crude estimates of
the effects of sulfate aerosol, they delib-
erately omit other possible human influ-
ences, such as changes in land use.’® A
major concern is that the projected rates
of climate change in Figures 4b and 4c
exceed anything seen in naturein the past
10,000 years.

An increase in global mean tempera-
ture logically follows increased heating.
But temperature increase, often thought
of asthe sole indicator of “global warm-
ing,” is not the only possible outcome.
For example, rising concentrations of
greenhouse gases enhance the hydrolog-
ica cycle by furnishing additional ener-
gy for the evaporation of surface mois-
ture. Because the water-holding capacity
of the atmosphere is greater at higher
temperatures, increased atmospheric
moisture should accompany global tem-
perature increases. Because water vapor
is also a powerful greenhouse gas, it
contributes a strong positive feedback,
amplifying global warming. Naturaly
occurring droughts are also liable to be
exacerbated by enhanced drying. Thus
droughts, such as those set up by El
Nifio, arelikely to take hold more quick-
ly, wilt plants sooner, and become more
extensive and longer-lasting with global
warming. When the land is dry, the ener-
gy that would ordinarily drive the hydro-
logical cycle goes into raising tempera-
tures, bringing on sweltering heat waves.
Further, globally there will haveto be an
increase in precipitation to balance the
enhanced evaporation. More moisture in
the atmosphere implies stronger mois-
ture flow converging into all precipitat-
ing weather systems—such as thunder-
storms or extratropical rain or snow
storms—and rain or snow events of
greater intensity.'4

For any change in mean climate, there
is likely to be an amplified change in
extremes. Because of the wide range of
natural variability associated with day-
to-day weather, most small climate

VoLumE 43 NUMBER 4

Rising concentrations of greenhouse gases enhance the hydrological cycle by furnishing
additional energy for evaporation of surface moisture. Increased moisture in the
atmosphere leads to weather events of greater intensity and duration.

changes will probably go unnoticed; the
extremes, however, will be easily detect-
ed. Extremes play an exceedingly
important role for natural and human
systems and infrastructure. All living
organisms are adapted to a range of nat-
ural weather variations. New extremes
could be devastating to ecosystems.
Extremes that exceed tolerances of a
system can cause nonlinear effects: the
so-called “straw that breaks the camel’s
back.” For instance, floods that histori-
cally have had an expected return period
of 100 years may now recur in 50 or 30
years.'> More frequent extreme floods
may overstress dams and levees, causing
breaks and the consequent damage to
infrastructure, loss of human life, and
contamination of drinking water.

The changes in extremes of weather
and climate observed to date have only
recently been compared to the changes
projected by models, many of which
agree with recent observed trends. Mod-
els project that higher maximum temper-
atures, more hot days, and more heat
waves are al likely. The largest tempera-
ture increases are expected mainly in
areas where soil moisture decreases are
apt to occur. Increases of daily minimum
temperatures are projected to occur over
most land areas and are generally larger
where snow and ice retreat. A decreased
number of frost days and cold waves is

likely. Changes in surface air tempera-
ture and surface humidity will mean
increases in the heat index and increased
discomfort. Increases in surface air tem-
perature will lead to a greater number of
days during which cooling (such asfrom
air conditioning) might be considered
desirable for comfort and fewer days
during which space heating is required
for comfort. Precipitation extremes are
expected to increase more than the mean,
aswill the frequency of extreme precipi-
tation events. A general drying is pro-
jected for the mid-continental areas dur-
ing summer, as a result of higher
temperatures and increased drying not
offset by increased precipitation in these
regions. Theoretical and modeling stud-
ies project increases in the upper limit of
intensity of tropical cyclonesin addition
to appreciable increases in their average
and peak precipitation intensities.
Changes in El Nifio are aso likely, but
their nature is quite uncertain.®

Humans Are Changing
the Climate

In 1995, the IPCC assessment con-
cluded that “the balance of evidence
suggests a discernible human influence
on global climate.”1” Since then the evi-
dence has become much stronger—the
recent record warmth of the 1990s, the
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historical context provided by the
improved pal eo-record, improved mod-
eling and simulation of the past cli-
mate, and improved statistical analysis.
Thus the headline in the new IPCC
report states, “There is new and stronger

a) CO, emissions scenarios
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evidence that most of the warming
observed over the last 50 years is attrib-
utable to human activities”® The best
assessment of global warming is that the
human contribution to climate change
first emerged from the noise of back-

—Figure 4. Projections under several IPCC scenarios, 1990-2100
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ground variability in the late 1970s.
Hence, climate change is expected to
continue into the future. The amplifica-
tion of extremes is likely to cause the
greatest impact. Although some changes
arising from global warming may be
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benign or even beneficial, the economic
effects of more extreme weather will be
substantial and clearly warrant attention
in policy debates.

Because of the long lifetime of CO, in
the atmosphere and the slow heat pene-
tration and equilibration of the oceans,
there is already a substantial commit-
ment to further global climate change,
even in the absence of further emissions
of greenhouse gases. IPCC considered
implications for stabilizing CO, and
greenhouse gases at various concentra-
tions up to four times pre-industria lev-
els and concluded that substantial reduc-
tions in emissions, well below current
levels, would be required sooner or later
in al cases. Even full implementation of
the Kyoto Protocol would merely slow
the time of doubling of CO, concentra-
tions from pre-industrial values by per-
haps 15 years (for instance from 2060 to
2075).° Moreover, these projections
emphasize that even stabilizing concen-
trations would not stop climate change
because of the dow response of the sys-
tem; for this reason, temperature increas-
es and especialy sealevel rise would
continue for many decades thereafter. As
we begin to understand that our geo-
physical experiment might turn out
badly, we are aso discovering that it
cannot be turned off abruptly.

The IPCC report provides the evi-
dence that global warming is happening
and now the question arises, What, if
anything, should be done about these
findings? The options include: do noth-
ing, mitigate or stop the problem, adapt
to the changes as they happen, or find
some combination of these options. Dif-
ferent value systems come into play in
deciding how to proceed. Considerations
include those of population growth,
equity among devel oped and developing
countries, intergenerational equity, stew-
ardship of the planet, and the precau-
tionary principle (“better to be safe than
sorry”). Those with vested interests in
the current situation frequently favor the
first option, extreme environmentalists
favor the second, and those who have a
belief that technology can solve all prob-
lems might favor the third. In rationally
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discussing options, it is helpful to recog-
nize the legitimacy of these different
points of view. This problem is truly a
global one because the atmosphere is a
global commons. These immense prob-
lems cannot be solved by one nation act-
ing aone. Unfortunately, to date, inter-
nationa progress toward mitigating and
preparing for the possible outcomes of
global warming is inadequate.

The evidence presented by the IPCC
report suggests that there is a strong case
for sowing down the projected rates of
climate change caused by human influ-
ences. Any climate change scenario is
fraught with uncertainties. But a slowing
in the warming process would allow
researchers to improve projections of cli-
mate change and its impacts. Actions
taken to slow down climate change would
provide time to better prepare for and
adapt to the changes as they appear. Nat-
ural systems and human systems, many
of which havelong amortization lifetimes
(e.g., power sations, dams, and build-
ings), are then less likely to be dislocated
or become obsolete quickly. Therefore,
we must plan ahead. Greater energy effi-
ciency and expanding use of renewable
resources, such as solar power, are clear-
ly key steps toward dowing the rate of
climate change.
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