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ON THE FRONT COVER

The Earth gleams brightly against the stark black backdrop of space, as photographed by the
Apollo 16 astronauts during their Earth-Moon roundtrip. The United States and other parts of
North America are clearly visible in this photograph.
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About the National Science and Technol Council

President Clinton established the National Science and Technology Council
(NSTC) by Executive Order on November 23, 1993. This cabinet-level council is
the principal means for the President to coordinate science, space, and technolo-
gy policies across the Federal Government. The NSTC acts as a “virtual” agency
for science and technology to coordinate the diverse parts of the Federal
research and development enterprise. The NSTC is chaired by the President.
Membership consists of the Vice President, the Assistant to the President for
Science and Technology, Cabinet Secretaries and Agency Heads with significant
science and technology responsibilities, and other senior White House officials.

An important objective of the NSTC is the establishment of clear national
goals for Federal science and technology investments in areas ranging from
information technology and health research, to improving transportation sys-
tems and strengthening fundamental research. The Council prepares research
and development strategies that are coordinated across Federal agencies to form
an investment package that is aimed at accomplishing multiple national goals.

To obtain additional information regarding the NSTC, contact the NSTC
Executive Secretariat at 202-456-6100 (voice).

About the Committee on Environment and Natural Resources

The Committee on Environment and Natural Resources (CENR) is one of nine
committees under the NSTC, and is charged with improving coordination
among Federal agencies involved in environmental and natural resources
research and development, establishing a strong link between science and poli-
cy, and developing a Federal environment and natural resources research and
development strategy that responds to national and international issues.

To obtain additional information about the CENR, contact the CENR
Executive Secretary at 202-482-5917 (voice).

About the Office of Science and Technology Policy

The Office of Science and Technology Policy (OSTP) was established by the
National Science and Technology Policy, Organization, and Priorities Act of
1976. OSTP’s responsibilities include advising the President on policy formula-
tion and budget development on all questions in which science and technology
are important elements; articulating the President’s science and technology poli-
cies and programs; and fostering strong partnerships among Federal, State, and
local governments, and the scientific communities in industry and academia.

To obtain additional information regarding the OSTP, contact the OSTP
Administrative Office at 202-456-6004 (voice).
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EXECUTIVE OFFICE OF THE PRESIDENT
OFFICE OF SCIENCE AND TECHNOLOGY POLICY
WASHINGTON, D.C. 20502

Members of Congress:

I am pleased to forward a copy of Our Changing Planet: The FY 1998 U.S. Global Change
Research Program. This annual report was prepared under the auspices of the President's National
Science and Technology Council (NSTC).

The first edition of Our Changing Planet was transmitted to Congress as a supplement to the
FY 1990 budget. In the eight years since, the U.S. Global Change Research Program (USGCRP)
has brought about dramatic improvements in our knowledge of the Earth system. Consider just a
few of the major accomplishments. The rate, extent, and mechanisms of stratospheric ozone
depletion are largely understood, enabling us to monitor the effectiveness of the remedial actions
that this knowledge has stimulated. The rate and extent of South American tropical deforestation
have been documented, the other tropical regions of the world are being inventoried, and a series of
exciting new interdisciplinary investigations are unraveling the basic processes, causes and effects of
land cover change. The onset and effects of El Nifio/Southern Oscillation ocean circulation events
in the Pacific are being predicted with increasing accuracy, and these science results are being used
to create useful information for resource managers around the world.

As the USGCRP continues to pursue the challenge of explaining the physical and chemical
processes of global-scale changes, it is increasing its efforts to explain the regional consequences of
such changes. Among the fundamental aspects of the results described above are the regional
texture and variation of the impacts of, and vulnerabilities to, global change. Regional-scale
modeling and investigations are the natural outgrowth of the continued progress in global-scale
analysis. Over the next year, the USGCRP will conduct a series of workshops across the U.S. that
are focused on identifying and analyzing regional vulnerabilities to climate variability and climate
change. This will be an important first step in assessing the vulnerability of the U.S. to global
change and developing appropriate research strategies to provide the information needed for
decisions on adaptation and mitigation.

The USGCRP was established in 1989, and has been strongly backed by every
Administration and Congress since its inception. The FY 1998 Budget Request demonstrates
President Clinton’s ongoing commitment to the program. The President and the Vice President
believe that global change research is one of the foundations of a sustainable future. The
Administration looks forward to working with you as we carry on this bipartisan tradition of support
for sound science.

I commend the members of the Subcommittee on Global Change Research, the program
staff, and all the participants in government, academia, and industry for their continuing efforts.

. Gibbdns
Director
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EXECUTIVE SUMMARY

Over the past decade, scientific research has greatly advanced the
understanding of global environmental change. Research supported
through the U.S. Global Change Research Program (USGCRP) is pro-
viding answers to important questions about the Earth system, how it
is changing, and the implications of global change for society.

The USGCREP is focusing research on four key areas of Earth sys-
tem science that are of significant scientific and practical importance.
These priority environmental science issues are:

1) Seasonal to Interannual Climate Variability—The USGCRP
plays a leading role in an ongoing global endeavor to develop
and enhance prediction of seasonal and interannual climate
variability. These forecasts are used for economic planning
and development in climate-sensitive sectors such as agricul-
ture, water supply, and public health.

2) Climate Change Over Decades to Centuries—The USGCRP
supports research to reduce uncertainties associated with pre-
diction of long-term climate change and is broadening research
to understand and assess the impacts of climate change on nat-
ural resources, public health, and socio-economic sectors.

3) Changes in Ozone, UV Radiation, and Atmospheric
Chemistry—Through USGCRP-supported research, emissions
of CFCs from human activities have been unambiguously iden-
tified as the cause of the Antarctic ozone hole. Projections that
large increases in CFC emissions would lead to large losses of
stratospheric ozone underlie the agreement to phase out CFC
use. Observations of declining CFC growth rates demonstrate
the efficacy of the policies adopted to protect the ozone layer.

4) Changes in Land Cover and in Terrestrial and Aquatic
Ecosystems—The USGCRP supports research to inventory the
current land cover of the Earth and to document changes; to
improve understanding of the dynamics of land-cover and
land-use change and how terrestrial and aquatic ecosystems
react to change; and to document and understand chemical,
physical, and biological processes in the oceans and their rela-
tionship with the carbon cycle and marine life.



To provide the basis for continuing advancement in scientific
understanding and leadership in global change research, the USGCRP
continues to support a number of integrative and cooperative efforts,
which contribute in varying degrees to all of the priority environmental
science issues. These efforts include:

Developing an integrated global observing and monitoring
system

Maintaining full and open access to useful global change data,
products, and information services

Supporting fundamental scientific research needed to gain a
predictive understanding of variations and changes in the
Earth system

Enhancing understanding of the human contributions and
responses to global change

Providing strong U.S. leadership through participation in and
support for international research cooperation

Encouraging global change science literacy through global
change education and communication.

Over the next decade, global change research can further benefit
society by promoting sustainable economic development. Research
challenges to accomplish this include:

Regional-scale estimates of the timing and magnitude of cli-
mate change and other aspects of global change

Regional analyses of the environmental and socio-economic
consequences of climate change and other aspects of global
change, in the context of other stresses

Integrated assessments of the implications for society and the
environment of climate change and other aspects of global
change.
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1. UNDERSTANDING GLOBAL CHANGE

The Earth System and Global Change

The Earth is a forever-changing planet. Its orbit around the Sun varies,
continents drift, mountains are driven upwards and erode, animal and
plant species evolve, and terrestrial and marine ecosystems change.
Large changes have generally occurred as the result of natural forces
beyond human influence or control.

Humans have become powerful agents of environmental change
on global, regional, and local

scales. With an increasing The Earth system includes the
world population, an expand- afmosphere, oceans, Iand,
ing global economy, and the and all living organisms.

development of new technolo-
gies, the human impact on the environment will become even more sig-
nificant in the future.

Research supported through the U.S. Global Change Research
Program (USGCRP) is documenting environmental change and leading
to a better understanding of its significance. For example:

* Research has demonstrated that increased use of fossil fuels
since the mid-1800s is changing the composition of the Earth’s
atmosphere and that this change is now exerting a warming
influence on the global climate.




e Research indicates that global-scale variations in climate alter
regional patterns of rainfall and temperatures.

e Research has documented that changes in land cover such as
the conversion of forest to pasture in the tropics, and changes
in land use such as increases in fertilizer applications to crop-
lands worldwide, are contributing to changes in atmospheric
composition and may also contribute to climate change on
both regional and global scales.

e Research has demonstrated that emissions of chlorofluorocar-
bons (CFCs) and other chlorine- and bromine-containing
gases have led to depletion of stratospheric ozone in both the
Southern and Northern Hemispheres that will last for decades
and cause adverse impacts on human health and ecological
systems.

These and other changes in the Earth system are having profound con-
sequences. Scientific research is the means to develop an understanding
of the changes, their causes, and their consequences.

Changes in any single component of the Earth’s system will
affect the entire system. For example, changes in the tropical Pacific
Ocean affect weather in North America and other parts of the world.
The complexity
of the Earth sys- Changes in the global environment are
tem and the having profound consequences for the
many feedbacks natural environment and for society.
among its com-
ponents make understanding and predicting climatic and environ-
mental change and all of its ramifications an exceedingly difficult
challenge.

Progress Over the Past Decade
in Global Change Research

Over the past decade, scientific research has greatly advanced our
understanding of global change. The growing understanding that the
current and future state of the Earth system is inexorably linked to
human activities, and the increasing societal concern about the implica-
tions of global environmental change, underscore the need for and
importance of these scientific efforts.

Science continues to improve our understanding of global
change. Research supported by the USGCRP is providing answers to
important questions about the Earth system, how it is changing, and
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the implications of global environmental change for society. Following
are a few key examples from research that has focused on:

¢ Ozone depletion

® Seasonal to interannual variations in climate

¢ Climate forcings

e Climate change over decades to centuries

® Detection and attribution of climate change

¢ Terrestrial and aquatic ecosystem feedbacks and effects

* Land cover and land use

¢ Climate impacts on marine ecosystems.

Ozone Depletion

In 1974, research scientists hypothesized that industrial emissions
of CFCs could cause depletion of the stratospheric ozone layer, which
serves to shield life on Earth from harmful levels of ultraviolet (UV) radi-
ation. In 1985, after extensive study, the scientific community released its
first international assessment, predicting only a small thinning of the
ozone layer with continued emissions of chlorinated substances.

With the discovery of the Antarctic ozone hole in 1985—a phe-
nomenon resulting in the springtime destruction of more than 50% of
the ozone over Antarctica in a period of several weeks—it became clear
that the potential danger of
ozone depletion was signifi- The current and future state of
cantly greater than shown the Earth system is inexorably
in earlier scientific studies. linked to human activities.
The atmospheric science
community rapidly embarked on a series of experimental field cam-
paigns. This work, together with satellite and aircraft observations,
laboratory studies, and the development of atmospheric chemistry
models, clearly identified human emissions of chlorinated and bromi-
nated chemicals (e.g., CFCs and halons) as the causes of stratospheric
ozone depletion.

A Successful Partnership Between Science and Policymaking

In 1987, in parallel with scientific developments and in response to the
1985 assessment, the nations of the world entered into a landmark glob-
al agreement, the Montreal Protocol on Substances that Deplete the
Ozone Layer. The Parties to the Montreal Protocol agreed—on the basis
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of scientific predictions—to reduce emissions of the chlorinated and
brominated ozone depleting substances (ODSs). Thus was born a new
era of cooperation between the science and policy communities.

The Parties to the Montreal Protocol have since periodically
requested that the science community provide new assessments of the
state of the ozone layer, to be used as the basis for revising the interna-
tional rules limiting emissions of ODSs. In response, the science com-
munity, with U.S. fund-

ing increasingly Stratospheric Ozone: The scientific
focused through the community mobilized quickly to
USGCRP, has engaged ~ diagnose and design responses to
in extensive monitor- a major environmental threat.

ing, and process and

modeling studies. These studies have elucidated the causes of the
observed global thinning of the ozone layer in increasing detail. At the
same time, they have identified many ozone-friendly substitutes for the
ODSs.

Based heavily on this research, new assessments were prepared in
1989, 1991, and 1994 by international panels of leading scientists, under
the co-chairmanship of USGCRP scientists, and with USGCRP scientists
serving prominently as authors and reviewers. These authoritative,
internationally recognized documents provided the scientific under-
standing underlying the subsequent Amendments and Adjustments to
the Montreal Protocol, which have proven necessary for the protection
of the stratospheric ozone layer.

Based on assumed compliance with the most recent Amendments
to the Montreal Protocol, stratospheric chlorine and bromine abun-
dances are expected to peak in the next few years, then slowly decline

as international controls
Authoritative international on ODSs take effect. All
assessments were prepared other things being equal,
with USGCRP scientists serving  global ozone losses and
prominently as leaders, authors, the Antarctic ozone hole
and reviewers. are expected to recover in

about 50 years. The ongo-
ing research program has shown that such recovery would have been
impossible and that ozone losses would have been so large as to cause
very large increases in skin cancer without the controls agreed to in the
Montreal Protocol and its Amendments.

Both the ozone layer and the atmospheric abundances of ODSs
are monitored globally by USGCRP scientists. Long-term observations
have revealed that atmospheric abundances of the ODSs have recently
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started to decline as their phase-out takes effect. Simultaneously, the
abundances of their substitutes have been increasing. These important
observations confirm the effectiveness of the international policy
response to this scientifically identified global threat.

Seasonal to Interannual Variations in the Climate

The weather fluctuates day-to-day, even hour-to-hour. Weather fore-
casters have developed enough understanding about atmospheric
behavior to be able to make socio-economically useful predictions
about the specific conditions of the atmosphere up to almost a week in
advance. Climate—the general patterns of weather in a region averaged
over seasons, years, and decades—also exhibits natural variations and
fluctuations. Thus, monthly and seasonally averaged temperature, pre-
cipitation, sunshine, cloudiness, and wind vary from year to year and
decade to decade.

Scientists are seeking to understand how the climate system
worked in the past and how it is working now, including the influence
of human activities. Improving this understanding is essential to devel-
oping the capacity

for society to Seasonal-to-interannual forecasts are
adapt to change now being done with useful skill and
and to achieve are used by agricultural and water
maximum benefit resource planners in some parts of

under the prevail-  the world, particularly in the tropics.
ing climatic condi-

tions. Over the past decade, scientists studying the season-to-season
and year-to-year fluctuations of the climate have improved their ability
to predict rainfall and temperatures up to a year in advance.

Even though they are still experimental, these seasonal-to-
interannual forecasts are now being made with useful skill and are
used by agricultural and water resource planners in some parts of the
world, particularly in the tropics, to adjust planting schedules, crop
selections, and water releases from dams in order to reduce the eco-
nomic and social impacts of droughts and floods.

The El Nifio-Southern Oscillation

The ability to make seasonal-to-interannual forecasts, particularly for
tropical and subtropical regions and for the southern and western
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United States, has come from an improved understanding of the irregu-
lar cycling of El Nifio/Southern Oscillation (ENSO). The ENSO phe-
nomenon involves the warming and cooling of large areas in the tropi-
cal Pacific Ocean, with large associated shifts in atmospheric pressure
and rainfall in other regions.

The Tropical Ocean/Global Atmosphere (TOGA) program from

1985 to 1995 untangled these complex interrelationships sufficiently to

allow prediction of the ENSO cycling under some conditions. With this
understanding, scientists have been able to associate changes in ENSO

with important consequences in the United States, including:

e Changes in rainfall patterns along the U.S. Pacific Coast—for
example, the varying pattern of flood and drought conditions
in California

* Wet and dry periods across the southern and central United
States—for example, the 1988 Midwest drought

e Other changes—for example, the beginning and end of the
drought in the southwestern United States in 1996.

Prediction of ENSO events and their impacts has enabled South

American farmers to adjust their crops and planting in ways that have
greatly alleviated the impacts of drought and enhanced the abilities to

have bountiful harvests during periods of good rains. ENSO variations
have also been found to influence outbreaks of some diseases.

Expanding the Scope of Research

Research in this area is now focusing on the following needs:
e To develop more comprehensive prediction systems
e To expand the scope of climate prediction to North America
and the rest of the globe
* To improve climate prediction over longer time scales.
In addition, research focuses
on understanding how individuals, Research is now focusing

industries, and resource sectors on expanding the scope
respond to climate fluctuations. of climate prediction to
This understanding, coupled with North America and the
improved knowledge about the cli- rest of the globe.

mate system, will make it possible

to identify options for reducing vulnerability to extreme climate
events such as droughts and flooding, and, in some regions, for tak-
ing advantage of opportunities provided by rainfall or temperature
changes.

8 Understanding Global Change




Climate Forcings

Human activities have become so pervasive that they are creating changes
in the atmosphere and at the land surface that perturb the Earth’s natural
fluxes of solar and infrared (heat) radiation. These human-induced
changes, often called “enhanced radiative forcings,” lead to changes in
temperature, precipitation, and
other climatic variables. Human activities are creating
changes in the atmosphere
and at the land surface.
Greenhouse Gases

The most important enhancements of radiative forcings are a result of
the emissions of carbon dioxide (CO,), methane (CH,), and other green-
house gases, which have the ability to increase the natural atmospheric
trapping of infrared radiation. Emissions from combustion of coal, oil,
and natural gas and from deforestation and land cultivation have
increased the natural CO, concentration by almost 30% over the past
200 years. The atmospheric CO, concentration is currently rising at
about 0.5% per year due to annual emissions of about 7 GtC (gigatons
of carbon—1 GtC equals 1 billion metric tons) as carbon dioxide per
year from fossil-fuel combustion and land-clearing activities.

Aerosol Effects on Solar Radiation

It has long been recognized that small particles in the atmosphere
(called aerosols) can reflect some solar radiation back to space, thus
exerting a cooling influence. However, a relatively new finding is that
regional increases in short-lived aerosols resulting from human activi-
ties are sufficient to alter the Earth’s radiation balance. Emissions of sul-
fur dioxide from coal combus-
Emissions of sulfur dioxide tion, and of other gases from
from coal combustion exert biomass and other burning,
a cooling influence over cause the atmosphere over and
much of the Earth. downwind of major industrial
regions and regions of tropical
deforestation to reflect back to space some of the incoming solar radia-
tion. This exerts a regionally distributed cooling influence.
In many industrialized nations, including the United States, the
particle loading from fuel burning is being controlled in order to reduce
human health impacts, acid rain, and visibility problems. However, as
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Figure 1: Observations over land and oceans indicate that the global average surface temperature
has increased by ~0.5°C (~1°F) since the mid-19th century (annual average temperature depar-
tures are shown by the solid, irregular line). The smoother curves show results from simplified
climate models that include the effects of the increasing concentrations of greenhouse gases and
the changing influences of sulfate aerosols and solar forcing. The central curve is for the IPCC
“best estimate” climate sensitivity of 2.5°C for a doubling of the CO, concentration; the outer
curves are for higher and lower sensitivities. The results suggest that the temperature increase
during this period is due mainly to the warming influence of the increased concentrations of CO,
and other greenhouse gases, but that the global average temperature is also affected by the cooling
influence of sulfate aerosols and the cyclic effects of variations in solar radiation. The general
agreement of observations and model results suggests that estimates of climate sensitivity are in
the range predicted by comprehensive climate models (see Appendix D for further information).
Source: TM.L. Wigley, P.D. Jones, and S.C.B. Raper, “The observed global warming record:
What does it tell us?” Proceedings of the National Academy of Sciences, in press.

aerosol concentrations are reduced, the global warming they have
masked would become apparent.

Climate Change Over Decades to Centuries

Predicting the future influences of human activities on the climate
requires an understanding of how natural forces affect the climate.
Gaining sufficient understanding to predict future changes requires con-
sideration of the many variables and processes that describe and control
how the Earth system behaves, including how human activities may be
influencing natural components. Various approaches are used to devel-
op and test prediction capabilities. Confirming that different approaches
yield similar predictions can add to confidence in the results.
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Paleoclimate Studies

Paleoclimate studies—studies of past variations in the climate—indi-
cate that future warming projected by current climate model simula-
tions would lead to global average temperatures during the next centu-
ry that have not occurred on the Earth in millions of years.
Furthermore, the rate of global warming projected for the next century
would be more rapid than any natural climatic change that has
occurred during the past 10,000 years.

Paleoclimate studies also indicate that past climate has been quite
sensitive to relatively modest changes in the factors governing the cli-
mate—for example, changes in

atmospheric composition, changes The rate of global
in solar radiation related to the warming expected over
Earth’s orbit around the Sun, and the next century would
the locations and elevations of be more rapid than any
mountains. In addition, paleocli- that has occurred during

mate evidence indicates that climate the past 10,000 years.
changes of the magnitude forecast

for the next century have caused major shifts in the geographical distri-
bution of forests and other vegetation types in the past, implying signif-
icant ecological disruption as a consequence of future climate changes.

Predictive Models

Developing quantitative predictions of how these complex changes
might occur in the future requires the use of computer-based climate
models that incorporate as much as possible of our theoretical under-
standing about how the Earth system works. Exploratory global clinate
models were first developed in the 1960s and started to be used to
study human influences on the climate in the 1970s.

Over the past decade, predictive climate models have improved
as scientific understanding has advanced and computers have become
more powerful. The early climate models (referred to as general circula-
tion models, or GCMs) were only able to calculate the climate change

from a large and

Developing predictions of climate fixed change (e.g.,
change requires the use of computer- a doubling) in the
based models that incorporate as atmospheric con-
much as possible of our theoretical centration of CO,.

understanding of the Earth system. Because they
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include the capacity of the oceans to act as a heat sink and thereby slow
the rate of temperature increase, current models are now able to simu-
late more realistically the climatic effects from the gradually increasing
atmospheric CO, concentration. Capabilities are also being developed
to treat other human influences on atmospheric composition, including
sulfate aerosols, other greenhouse gases, and changes in land cover.

A climate model that incorporates many of these new capabilities
is now available for research and application studies. Developed and
maintained at the National Center for Atmospheric Research in Boulder,
Colorado, this is the world’s first comprehensive and interactive Climate
System Model available for widespread use by the scientific community.
In FY98, continued enhancements of this model will facilitate a wide
range of global change sensitivity studies and predictions by a broad
array of USGCRP researchers and scientists throughout the world.

Comparing and Evaluating Models

Because computer models only approximate the real world, it is impor-
tant to analyze and test their results carefully. This became especially
clear when it was recognized that the several different models used by
researchers in the United States and around the world were giving dif-
ferent estimates for the most basic model result: How much global
warming would result from a doubling of the CO, concentration. The
model estimates range from about 1.5-4.5°C (about 3-8°F). The reasons
for the differences relate primarily to the limited understanding and
representation of cloud-radiation feedbacks. Research on these feed-
backs is a major focus of the USGCRP effort.

The differences were also an important incentive for the establish-
ment of a series of intercomparison studies, particularly the Atmospheric
Model Intercomparison Project. In the future, more powerful predictive
models will contain the finer spatial and temporal resolution and the
improved representations of climate processes that are needed to repre-
sent more completely the many aspects of the hydrologic cycle, including
clouds and upper tropospheric water vapor, and processes governing the
coupling of the land, ocean, and sea ice with the atmosphere.

Detection and Attribution of Climate Change

Scientists have been searching for several decades for evidence that cli-
mate change is occurring and that it is a result of human activities. The
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Intergovernmental Panel on Climate Change (IPCC) was created in
1989 by the World Meteorological Organization (WMO) and the United
Nations Environment
“The balance of evidence suggests programme (UNEP) to
that there is a discernible human  ;5cess the state of
influence on global climate.” knowledge of climate
— Intergovernmental Panel on Climate Change, Climate Change 1995 Change. More than
2,000 scientists from
around the world were involved in the IPCC Second Assessment
Report, released in December 1995. The Second Assessment Report
came to the important conclusion that “the balance of evidence sug-
gests that there is a discernible human influence on global climate.”

Detection of Climate Change

For some time there has been clear evidence that detectable global
warming is occurring;:

e Temperature observations taken by ships and land stations
confirm that the global average temperature has risen by
about 0.3-0.6°C (about 0.5-1.1°F) since the late 19th century.
The changes do not occur uniformly over the globe.

e A 700-year temperature history put together from tree rings
and other proxy indicators suggests that the current century is
warmer than any century in this longer record and that the
warming is unusually rapid and prolonged.

A number of additional records also point to long-term global warming;:

e Temperatures from deep holes in the ground

* The melting back of mountain glaciers around the world

e The continuing rise in sea level due to warming and from
glacial meltback.

The 17-year satellite record of temperature in the lower atmos-
phere does not directly show a warming trend. However, analyses that
take account of several additional factors do suggest that greenhouse
gases are exerting a warming influence. Issues relating to the satellite
data set are currently being addressed by USGCRP-supported research.

Attribution of the Causes of Climate Change

Distinguishing the clear signal of human activities from the “noise” of
natural variability has been a difficult challenge for two reasons. First,
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both natural and human influences can cause climate to change.
Second, greenhouse gases exert a warming influence while sulfate
aerosols exert a cooling influence.

New statistical tests indicate that much of the warming that has
been observed can indeed be attributed to human activities. This is
because both the geographical pattern across the Earth’s surface and the
vertical pattern into the atmosphere of temperature change are what is
expected from changes induced by human influences:

®  The Geographical Pattern: For much of this century, more
warming has been occurring in the Southern Hemisphere
than in the Northern Hemisphere because of the cooling influ-
ence of the greater amount of aerosols in the Northern
Hemisphere; in the latter part of this century and into the next
century, more equal warming of the hemispheres has occurred
and is expected to continue.

o The Vertical Pattern: Cooling is occurring in the stratosphere
due to ozone depletion and greenhouse gas increases, in con-
trast to warming in the troposphere (the lower atmosphere
and surface) from greenhouse gases.

These patterns are unlike those expected from naturally varying forcing
factors, such as solar radiation and volcanic eruptions.

The amount of warming since the 19th century is also in accord
with the range of model estimates of the surface warming that is expected
from the increases in greenhouse gases and aerosols that have occurred.
Inclusion of a more complete set of human influences, including the cool-
ing influences of aerosols and stratospheric ozone depletion, has been
important in reconciling observed and predicted changes and in clarifying
that it is essential to consider all important factors that can influence the
climate, rather than drawing conclusions or making comparisons based
on the estimated change from any single factor (like greenhouse gases).

Climatic Extremes

From model predictions about climate change, inferences can be drawn
that there will be:
e Increases in the frequency and intensity of floods, droughts,
and heat waves
* Changes in the frequency of occurrence of climatic extremes
due to increases in greenhouse gas emissions.
Analyses of the climate record are seeking to determine if these infer-
ences are in accord with recent observations.
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It is inappropriate to attribute any particular extreme weather
event to climate change, but the trends in their occurrence can be exam-
ined. While detailed worldwide information is not available to explore
this question, analyses of data for the United States during the 20th
century show a consistency between inferences drawn from model pre-
dictions and observed responses. Such modeled and observed changes
include, for example, an increase in intense rainfall events.

Terrestrial and Aquatic Ecosystem Feedbacks and Effects

Changes in the atmospheric composition and climate will have a signif-
icant influence on terrestrial and aquatic ecosystems. Because these
ecosystems also have a

major influence back on Significant advances have been
the atmosphere and cli- made in understanding terrestrial
mate, understanding and aquatic processes and their
their role in potential effects on the climate system.
positive and/ or nega-

tive feedbacks is critical. Over the past 10 years, significant advances
have been made in understanding terrestrial and aquatic processes and
their effects on the climate system.

The feedbacks and effects that the land and aquatic environments

exert on climate are of two types:

1) Biogeochemical: Changes in the distribution and circulation of
chemicals such as carbon- and nitrogen-containing compounds
between the atmosphere, oceans, biosphere, and soils, result-
ing in changes in the atmospheric composition of greenhouse
gases

2) Physical: Changes in land-surface properties such as albedo
(the ability to reflect light) and roughness (the ability to alter
wind speed and direction), resulting in changes in the Earth’s
energy balance.

Biogeochemical Cycling

A particular challenge has been to identify where all of the CO, being
emitted as a result of human activities is going. Natural biological and
physical processes, such as photosynthesis and oceanic uptake, are able
to limit the annual increase in the atmospheric loading of CO, to just
under half the annual emissions of CO,. Together, the land and ocean
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components of the climate system must be taking up the half of the
CO, that does not remain in the atmosphere.

Research over the past decade has helped to clarify the means by
which this carbon sequestration on land occurs. Much of the excess car-
bon from human activities that is being removed from the atmosphere
appears to be going into terrestrial systems. Studies suggest that land-
surface processes are removing about 2 billion metric tons more of car-
bon from the atmosphere each year than they release. This net carbon
uptake by land ecosystems

is related to several A particular challenge has been
processes, including the to identify where all of the CO,
regrowth of previously being emitted as a result of
deforested areas and to human activities is going.

enhanced storage of car-

bon by plants due to the elevated CO, concentration. Previously defor-
ested areas, particularly in the northeastern United States, are showing
substantial forest regrowth. For example, areas in New England that
were 80% farms 100 years ago are now 80% forest-covered.

The role of ocean ecosystems in “pumping” carbon to the deep
ocean as dead animals and plants sink to the ocean floor is also impor-
tant, and would be especially so if the ocean circulation is slowed by
global warming. Data collected in a series of ship cruisesindicate that
about 2 billion metric tons more carbon is being taken up by the oceans
than is being released by them through natural processes.

Critical questions remain:

e How long will these elevated removal rates continue? Because
it is likely that these mechanisms cannot continue indefinitely,
the rate of carbon uptake by the land surface may eventually
decrease.

e How will the elevated removal rates be affected by changes in
emission rates, land use, and other influences?

Physical Ecosystem Properties

The characteristics 