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environmental variables.The assimilation process is also critical for
initializing the global models and for their evaluation.

Data management is a critically important CCSP component for two
reasons. First, it is necessary to provide active, long-term stewardship
for the large volumes and multiplicity of types and sources of data.
Second, it provides the means to distribute the data to a growing
group of users, going far beyond the traditional scientific research
community to the broader set of users who are making the policy
and resource management decisions.

Scientific assessment provides the opportunity for researchers to go
back and critically assess the status of their knowledge, sharpen the
questions they are trying to answer, then provide a “feedback loop”
to the research process so that the research of the future will
better identify and address key uncertainties and knowledge gaps.
Part of the assessment process may involve detailed study of the
observational data sets, process knowledge, or modeling systems
developed under CCSP to resolve discrepancies and competing
approaches. End-to-end assessment is broader in that it can involve
going back to the basic building blocks of a research area, assessing
status and progress, and then looking at the implications of the
results of this analysis for a variety of end states, including many
relevant decision support applications. Assessment used to support
decisions is an iterative analytic process that engages both
researchers and interested stakeholders in the evaluation and
interpretation of the interactions of natural and socioeconomic
systems.These assessments typically consist of four elements:

problem formulation, analysis, characterization of consequences,
and communication of results.

Decision support is the set of processes that includes interdisciplinary
research, product development, communication, and operational
services that provide timely and useful information to address
challenges and questions confronting those who need to make policy
and/or resource management decisions. In addition to the emphasis
on the quality and robustness of scientific information for providing
decision support, there is typically a premium on timeliness,
resolution, comprehensiveness, and effective communication of levels
of scientific confidence and certainty.

Models as Integrating Tools
Computational models are particularly important in integrating
our knowledge of the Earth system, providing both a quantitative
way of assessing the accuracy of the system and of projecting its
future evolution (see Figure 2-7). It is important that the models
used for projecting future conditions include the full range of
processes linking the Earth system’s components, and thus the
feedback processes that are so important in determining the
Earth’s behavior. Such models become complex, requiring the
integration efforts of large teams of scientists (both Earth system
scientists and computational scientists), and require significant
amounts of computing capability, together with human and
data resources for the archiving and distributing of their
results.
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These models should have a number of important attributes:
• They should adequately represent the state of the Earth system

and its prior evolution, in particular over the recent past, when
there is a more comprehensive set of observations with which to
compare the models and where better knowledge of the types
and amounts of naturally occurring and human-induced forcings
is available.

• They should be sufficiently comprehensive that they can be
applied confidently over the period of interest.This is particularly
crucial for longer simulations. For example, detailed representation
of the partitioning of carbon among the atmosphere, the ocean,
and terrestrial ecosystems will be crucial to representing

future distributions of atmospheric carbon dioxide and its
concomitant contribution to radiative forcing and climate
change. Human interactions must also be included in models
operating over time scales that are influenced by human
activities.The CCSP strategy for adding comprehensiveness to
these models is outlined in some detail in Chapter 10 of this
plan.

• They should be constructed to provide information at the
desired spatial resolution.

• They should be able to be run in sufficient number and in
sufficiently short time that their results can be provided to
scientific, policy, and decisionmaking users.
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Summary of Synthesis and Assessment Products – Topics to be Covered
CCSP GOAL 1 Extend knowledge of the Earth’s past and present climate and environment, including its natural variability, and improve

understanding of the causes of observed changes

within 2 years Temperature trends in the lower atmosphere—steps for understanding and reconciling differences.

within 2 years Past climate variability and change in the Arctic and at high latitudes.

2-4 years Re-analyses of historical climate data for key atmospheric features. Implications for attribution of causes of observed change.

CCSP GOAL 2 Improve quantification of the forces bringing about changes in the Earth’s climate and related systems

within 2 years Updating scenarios of greenhouse gas emissions and concentrations, in collaboration with CCTP. Review of integrated scenario
development and application.

within 2 years North American carbon budget and implications for the global carbon cycle.

2-4 years Aerosol properties and their impacts on climate.

2-4 years Trends in emissions of ozone-depleting substances, ozone layer recovery, and implications for ultraviolet radiation exposure and
climate change.

CCSP GOAL 3 Reduce uncertainty in projections of how the Earth’s climate and related systems may change in the future

within 2 years Climate models and their uses and limitations, including sensitivity, feedbacks, and uncertainty analysis.

2-4 years Climate projections for research and assessment based on emissions scenarios developed through CCTP.

2-4 years Climate extremes including documentation of current extremes. Prospects for improving projections.

2-4 years Risks of abrupt changes in global climate.

CCSP GOAL 4 Understand the sensitivity and adaptability of different natural and managed ecosystems and human systems to climate and related
global changes

within 2 years Coastal elevation and sensitivity to sea-level rise.

2-4 years State-of-knowledge of thresholds of change that could lead to discontinuities (sudden changes) in some ecosystems and climate-
sensitive resources.

2-4 years Relationship between observed ecosystem changes and climate change.

2-4 years Preliminary review of adaptation options for climate-sensitive ecosystems and resources.

2-4 years Scenario-based analysis of the climatological, environmental, resource, technological, and economic implications of different
atmospheric concentrations of greenhouse gases.

2-4 years State-of-the-science of socioeconomic and environmental impacts of climate variability.

2-4 years Within the transportation sector, a summary of climate change and variability sensitivities, potential impacts, and response options.

CCSP GOAL 5 Explore the uses and identify the limits of evolving knowledge to manage risks and opportunities related to climate variability and
change

within 2 years Uses and limitations of observations, data, forecasts, and other projections in decision support for selected sectors and regions.

within 2 years Best-practice approaches for characterizing, communicating, and incorporating scientific uncertainty in decisionmaking.

within 2 years Decision support experiments and evaluations using seasonal-to-interannual forecasts and observational data. 

TABLE 2-1
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on climate and global change, and Section 106 of the act defines
requirements for scientific assessments.2 To comply with the terms
of Section 106, CCSP will produce assessments that focus on a
variety of science and policy issues important for public discussion
and decisionmaking.The assessments will be composed of syntheses,
reports, and integrated analyses that CCSP will complete over the
next 4 years.The subjects to be addressed are listed in Table 2-1.
This approach takes account of the need for assessments on the full
range of issues spanning all CCSP objectives and will provide a
“snapshot” of knowledge of the environmental and socioeconomic
aspects of climate variability and change.The products will support
specific groups or decision contexts across the full range of issues
addressed by CCSP, and where appropriate, CCTP.

National policymaking focuses on many issues, but in this case
involves integrating information from forcings and climate response
to impacts and the costs and benefits of different response strategies.
Synthesis of scientific data and results with economic information,
demographic trends, technical specifications, etc., is essential for
producing useful information on responding to the challenges posed
by climate variability and change. How much information needs to
be integrated depends on the specific issue or question that is being
addressed and the type of decision that is being supported.

One highly important issue to be addressed at a national level is the
challenge of developing new technologies to reduce the projected
growth in greenhouse gas emissions.This requires integrating
information from the natural sciences, engineering, and the
economic and social sciences. CCSP will work closely with CCTP
in incorporating information on portfolios of different technologies
in evaluations of the implications of different response options
through “If…, then…” scenario analyses, integrated assessment, and
other approaches to comparative evaluation.This will facilitate
understanding needs for development of new technologies.

There are uncertainties associated with all of this information, so
when knowledge is integrated, information about the degree of
certainty/uncertainty associated with it must also be carried forward.
CCSP’s decision support activities will address this essential
requirement by communicating uncertainties in a manner appropriate
to the decision context. CCSP’s work program also includes
research to improve methods for taking account of uncertainty in
research and analysis, assessing the implications of uncertainty for
decisionmaking, and communicating uncertainty to different audiences.

The comprehensive structure of CCSP’s goals will help to ensure
that the program sponsors research and provides support for
decisionmaking on the full range of issues associated with variability
and change in climate and related systems.
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Integration between and
among Agencies
Within CCSP, multiple agencies have responsibilities in a number of
the areas outlined above, so it is crucial that the agencies work
together to optimize results, minimize duplication, and capitalize on
their expertise, experience, and capabilities.The way in which this
will be done is outlined in detail in Chapter 16 for federal agencies,
while the relationship between U.S. and international activities is
discussed in Chapter 15.The details of the CCSP structure, including
the creation of interagency working groups, community-based science
steering groups, and management-level interactions within the
CCSP agencies and at higher levels are explained in Chapter 16.

In this section we note as examples some of the things that agencies
working together through CCSP will strive to do to assure the
necessary linkages between program elements:
• Make integrated use of infrastructure, especially for surface-

based networks, airborne campaigns, and ship-based expeditions,
to both reduce cost and maximize return by enhancing the
availability of integrated data sets

• Ensure common data formats and interoperable data systems so
that scientific, management, and policy-oriented data users can
integrate desired data sets with minimal difficulty

• Collaborate on calibration systems and relevant intercomparisons
to be sure that related observing capability can be consistently tied
to measurement activities and to recognized laboratory standards

• Integrate process-oriented, surface- and airborne-based studies
and network observations with calibration and validation activities
for satellite programs

• Develop integrated modeling frameworks that will enhance
opportunities for interchange of components and intercomparison
of model results (both with other models and with observations)

• Issue joint solicitations where the optimal way to engage the
research community in addressing issues of scientific importance.

CCSP will provide a variety of synthesis and assessment products
on an ongoing basis as discussed.These products will support both
policymaking and adaptive management.The overall approach to
decision support is described in Chapter 11 of this plan.This section
integrates the earlier discussion in this chapter and summarizes the
synthesis and assessment products that CCSP will generate.

The 1990 Global Change Research Act provides the overall framework
for the conduct and management of the interagency research program
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2“On a periodic basis (not less frequently than every 4 years) the Council,

through the Committee, shall prepare and submit to the President and
the Congress an assessment which:
1) Integrates, evaluates, and interprets the findings of the Program and

discusses the scientific uncertainties associated with such findings
2) Analyzes the effects of global change on the natural environment,

agriculture, energy production and use, land and water resources,
transportation, human health and welfare, human social systems, and
biological diversity

3) Analyzes current trends in global change, both human-induced and
natural, and projects major trends for the subsequent 25 to 100 years.”
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Question 3.1:What are the climate-relevant
chemical, microphysical, and optical properties, and
spatial and temporal distributions, of human-caused
and naturally occurring aerosols? 

Question 3.2:What are the atmospheric sources
and sinks of the greenhouse gases other than CO2
and the implications for the Earth’s energy balance?

Question 3.3:What are the effects of regional
pollution on the global atmosphere and the effects of
global climate and chemical change on regional air
quality and atmospheric chemical inputs to
ecosystems?

Question 3.4:What are the characteristics of the
recovery of the stratospheric ozone layer in response
to declining abundances of ozone-depleting gases and
increasing abundances of greenhouse gases?

Question 3.5:What are the couplings and feedback
mechanisms among climate change, air pollution, and ozone layer depletion, and their relationship
to the health of humans and ecosystems?
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The composition of the atmosphere—its gases and
particles—plays a critical role in connecting human welfare
with global and regional changes because the atmosphere
links all of the principal components of the Earth system.
The atmosphere interacts with the oceans, land, terrestrial
and marine plants and animals, and the frozen regions (see
Figure 3-1). Because of these linkages, the atmosphere is a
conduit of change. Emissions from natural sources and
human activities enter the atmosphere at the surface and
are transported to other geographical locations and often
higher altitudes. Some emissions undergo chemical
transformation or removal while in the atmosphere or
interact with cloud formation and precipitation. Some
natural events and human activities that change atmospheric
composition also change the Earth’s radiative (energy)
balance. Subsequent responses to changes in atmospheric
composition by the stratospheric ozone layer, the climate
system, and regional chemical composition (air quality)
create multiple environmental effects that can influence
human health and natural systems.

Atmospheric composition changes are indicators of many potential
environmental issues. Observations of trends in atmospheric
composition are among the earliest harbingers of global changes.
For example, the decline of the concentrations of ozone-depleting
substances, such as the chlorofluorocarbons (CFCs), has been the
first measure of the effectiveness of international agreements to end
production and use of these compounds.

A principal feature of the atmosphere is that it acts as a long-term
“reservoir” for certain trace gases that can cause global changes.The
long removal times of some gases, such as carbon dioxide (CO2,
>100 years) and perfluorocarbons (PFCs, >1,000 years), imply that
any associated global changes could persist over decades, centuries,
and millennia—affecting all countries and populations.

An effective program of scientific inquiry relating to changes in
atmospheric composition must include two major foci.The first is a
focus on Earth system interactions: How do changes in atmospheric
composition alter and respond to the energy balance of the climate
system? What are the interactions between the climate system and

Atmospheric Composition3 
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stratospheric ozone? What are the effects of regional pollution on
the global atmosphere and the effects of global climate and chemical
change on regional air quality? The second is a focus on Earth system
and human system linkages: How is the composition of the global
atmosphere, as it relates to climate, ozone depletion, ultraviolet
radiation, and pollutant exposure, altered by human activities and
natural phenomena? How quantitative is the knowledge of the
major sources of emissions to the atmosphere? What are the
atmospheric composition changes that could affect human health
and natural ecosystems?

The overall research approach for understanding the role of atmospheric
composition is an integrated application of long-term systematic
observations, laboratory and field studies, and modeling, with periodic
assessments of understanding and significance to decisionmaking.

Most of the activities related to atmospheric composition research
are part of national and international partnerships, some of which are
noted at the end of this chapter. Such partnerships are necessitated
by the breadth and complexity of current issues and because the
atmosphere links all nations.The overall research approach is based
on the substantial body of knowledge and understanding available
from the work of many international scientists.The status of
understanding is reported as part of cooperative international
assessment activities (e.g., IPCC, 2001a,b,d;WMO,
1999,2003).

In looking ahead at what the specific policy-relevant information
needs associated with atmospheric composition will be, five broad
challenges are apparent, with goals and examples of key research
objectives outlined below.
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State of Knowledge
Research has demonstrated that atmospheric particles (aerosols) can
cause a net cooling or warming tendency within the climate system,
depending upon their physical and chemical characteristics. Sulfate-
based aerosols, for example, tend to cool, whereas black carbon (soot)
tends to warm the system (see Figure 3-2). In addition to these
direct effects, aerosols can also have indirect effects on radiative
forcing (e.g., changes in cloud properties).When climate models
include the effects of sulfate aerosol, the simulation of global mean
surface temperatures is improved. One of the largest uncertainties
about the net impact of aerosols on climate is the diverse warming
and cooling influences of the very complex mixture of aerosol types
and their spatial distributions. Further, the poorly understood
impact of aerosols on the formation of both water droplets and ice

crystals in clouds also results in large uncertainties in the ability to
project climate changes (see Figure 3-2). More detail is needed
globally to describe the scattering and absorbing optical properties
of aerosols from regional sources and how these aerosols impact
other regions of the globe.

Illustrative Research Questions
The relationship of aerosols to climate change is complex because of
the diverse formation and transformation processes involving
aerosols (see Figure 3-3).This complexity underlies many of the
important research questions related to aerosols.
• What are the global sources (e.g., oceanic, land, atmospheric) of

particle emissions (e.g., black carbon/soot, dust, and organic
compounds), and their spatial and temporal variability?

• What are the regional and global sources of emissions of aerosol
precursor gases [e.g., sulfur dioxide (SO2), dimethyl sulfide
(CH3SCH3), ammonia (NH3), and volatile organic carbon
(VOC)]?

• What are the global distributions and optical characteristics of
the different aerosol components, and how do they directly and
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Question 3.1:What are the climate-relevant
chemical, microphysical, and optical properties, and
spatial and temporal distributions, of human-caused
and naturally occurring aerosols? 
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Figure 3-2: Schematic comparing several factors that influence Earth’s climate on the basis of their contribution to radiative forcing between 1750 and 2000.
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Scientific understanding of aerosol effects is very low, as shown on the horizontal axis. Source: IPCC (2001d). For more information, see Annex C.
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indirectly (e.g., cloudiness changes) affect the radiative balance
of Earth’s atmosphere?

• What are the processes that control the spatial and temporal
distributions and variability of aerosols and that modify aerosol
physical, chemical and optical properties during transport (see
Figures 3-1 and 3-3), and how well do models simulate these
processes and resulting spatial distributions?

• What are the effects of changes in aerosol abundance and
composition on cloud formation and persistence, precipitation
amounts, and cloud radiative properties (see Chapter 5)?

• How do aerosols and aerosol precursors emitted by aviation
affect cloudiness in the upper troposphere?

• How do aerosols affect the chemical composition of the global
troposphere?

• What are the abundances and sources of aerosols that affect
human health and natural ecosystems (see Chapters 8 and 9)?

Research Needs
Significant research is required to complete our understanding of
aerosols and their role in climate change processes.The representation
of aerosol properties and their distribution in the atmosphere is
highly complex.The needs outlined below describe important
future steps to improve our understanding:
• Expand the use of space-based, airborne, and ground-based

instruments and laboratory studies to provide better data for
aerosols containing sulfate, black carbon/soot, dust, or organic
compounds in the following areas:
– Distributions (primarily from space-based instruments) of

aerosols and precursor gases over land and oceans and their
temporal variabilities

– The physical, chemical, and optical properties of anthropogenic
and natural aerosols

– The contributions of aerosols to Earth’s radiative balance.
• Enhance field and laboratory studies of the processes that

influence aerosol distributions and characteristics, including
those involved in indirect (e.g., cloud) effects.

• Improve comprehensive climate model simulations to estimate
aerosol-induced temperature changes and associated uncertainties,
and the direct and indirect effects of aerosols with an emphasis
on establishing bounds on the magnitude of the indirect effects.

• Intensify efforts to determine the composition of organic
aerosols and develop simpler instruments for the characterization
and measurement of carbon-containing aerosols.

• Establish realistic aerosol and precursor source-strength estimates
for specific aerosol compositions for the industrial era.

• Improve aerosol chemistry and transport models and carry out
simulations for aerosol source-strength scenarios.

• Make comprehensive comparisons of the geographic and height
dependence of simulated aerosol distributions and their radiative
characteristics with results from field and satellite data (e.g.,
with multi-wavelength polarimetric measurements), with an
emphasis on regions that can best test the reliability of current
model simulations (e.g., using the extensive North American
emissions database).

• Assess aerosol abundances and variability in the paleoaerosol
record (e.g., ice, bog, and lake core data).
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These research needs are strongly linked to those of the Climate
Variability and Change (Chapter 4),Water Cycle (Chapter 5),
Land-Use/Land-Cover Change (Chapter 6), and Carbon Cycle
(Chapter 7) elements.

Milestones, Products, and Payoffs 
• Improved description of the global distributions of aerosols and

their properties [2-4 years].
• Empirically tested evaluation of the capabilities of current models

to link emissions to (i) global aerosol distributions and (ii) the
chemical and radiative properties (and their uncertainties) of
aerosols [2-4 years]. Specific products and payoffs include:
– Better estimates of the radiative forcing of climate change for

different aerosol types and the uncertainties associated with
those estimates. Aspects of these capabilities will be addressed
in collaboration with the Climate Variability and Change
research element (Chapter 4).These results will contribute
to the preparation of Climate Change Science Program
(CCSP) climate projections as decision support resources.

– Better defined potential options for changing radiative
forcing within a short time, in contrast to the longer
response times associated with CO2 and other greenhouse
gases.The relatively short atmospheric residence times of
aerosols form the basis of these options.

• An estimate of the indirect climate effects of aerosols (e.g., on
clouds) that is improved beyond the estimate in the last
Intergovernmental Panel on Climate Change report (IPCC,
2001a) [2-4 years].

• Characterization of the impact of human activities and natural
sources on global and regional aerosol distributions [beyond 4
years].

• Better understanding and description of the physical and chemi-
cal processes (and their uncertainties) that form, transform, and
remove aerosols during long-range atmospheric transport
[beyond 4 years].

State of Knowledge
The increasing concentrations of chemically active greenhouse gases,
such as methane (CH4), tropospheric ozone (O3), nitrous oxide
(N2O), and halocarbons [e.g., CFCs, PFCs, hydrochlorofluorocarbons
(HCFCs), hydrofluorocarbons (HFCs), and sulfur hexafluoride
(SF6)], represent primary contributions to the radiative forcing of

the climate system (see Figure 3-2).
Anthropogenic emissions of CO2 are
addressed in Chapter 7.Water vapor,
considered the most dominant greenhouse
gas (albeit as a feedback), is discussed as
part of the hydrological cycle (see
Chapter 5).

The natural and anthropogenic emissions
sources leading to the observed growth
rates of CH4 (the second-most influential
anthropogenic greenhouse gas) and N2O
abundances are qualitatively understood
but poorly quantified (e.g., the amount
of CH4 emitted by rice agriculture).
Trends in tropospheric ozone (the third-
most influential anthropogenic greenhouse
gas) are not well determined because
they are driven by a mix of natural and
anthropogenic emissions, including CH4
and regional pollutants such as the
reactive nitrogen oxides (NOx).The
atmospheric concentrations and sources
of the CFCs and HCFCs have been
well studied because of their role in
stratospheric ozone depletion. Some
important greenhouse gases are
removed from the troposphere and
stratosphere in reaction with the
hydroxyl radical (OH) (e.g., CH4, HFCs,
HCFCs) or by photolysis (e.g., N2O).
Reactions that remove a greenhouse gas
control its lifetime in the atmosphere
and, hence, its contribution to radiative
forcing of climate.
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FY04 CCRI Priority - Aerosols
The Climate Change Research Initiative
(CCRI) will leverage existing U.S.
Global Change Research Program
(USGCRP) research to address major
gaps in understanding climate change.
Uncertainties related to the effects of
aerosols on climate are large, with both
warming and cooling effects possible
depending on the nature and distribution
of the aerosol.

The CCRI will advance the understanding
of the distribution of all major types of
aerosols and their variability through time,
the different contributions of aerosols
from human activities, and the processes
by which the different contributions are
linked to global distributions of aerosols.
The CCRI will support research to
improve understanding of the processes
by which trace gases and aerosols are
transformed and transported in the
atmosphere. Studies of how atmospheric
chemistry, composition, and climate are
linked will be emphasized, including
those processes that control the abundance

of constituents that affect the Earth’s
radiation budget, such as tropospheric
methane, ozone, and aerosols.

The global distributions of a limited
number of atmospheric parameters
(including climatically relevant
parameters such as ozone and aerosols)
and their variabilities will be obtained
from satellite observations over long
periods of time along with more
comprehensive suites of observations
over briefer time periods. Satellite data
recently obtained and to become
available for the first time for methane,
tropospheric ozone, and tropospheric
aerosols will be analyzed and interpreted
in the context of global models and
assimilation systems.

The studies will provide an observational-
and model-based evaluation of the
radiative forcings associated with aerosol
direct and indirect effects.These forcing
results will contribute to the CCSP
climate projections for research and
assessment.

ATMOSPHERIC COMPOSITION

BOX 3-1 

Question 3.2:What are the atmospheric sources
and sinks of the greenhouse gases other than CO2
and the implications for the Earth’s energy balance?
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Illustrative Research Questions
Driven by the need to have a better predictive understanding of the
relationship between the emission sources of these radiatively active
gases and their global distributions and radiative forcing, several
questions continue to face the research community. More quantitative
information is needed to help answer these questions, which
include:
• What is the inventory of anthropogenic (i.e., energy, industry,

agriculture, and waste) and natural (e.g., ecosystems) emissions
sources of CH4 and N2O on global and regional scales (see
Chapters 7, 8, and 9)?

• What are the causes and related uncertainties of the observed
large variations in the growth rates of CH4 and N2O abundances?

• What are the global anthropogenic and natural (both biogenic
and lightning-related) sources of reactive nitrogen oxides, which
are precursors of troposphere ozone?

• How can paleorecords of greenhouse gases and climate variability
be used to understand the potential for future climate change
(see Chapter 4)?

• What are the trends in mid-tropospheric ozone, particularly in
the Northern Hemisphere, and how well can the trends be
attributed to known chemical and transport processes?

• How is the oxidative capacity of the atmosphere changing (e.g.,
OH abundances) and how do these changes affect the radiative
forcing impact of greenhouse gas emissions?

• How do changes in the abundance of a principal greenhouse gas
(e.g., CH4) cause a feedback that alters its lifetime or that of
another greenhouse gas (see Chapter 7)?

• How do the increasing abundances of greenhouse gases influence
the distribution of atmospheric water vapor and its feedback in
the radiative balance of the climate system (see Chapter 5)?

Research Needs 
Field and laboratory studies, satellite observations, and diagnostic
transport/chemical modeling are needed to fully address these
questions. Examples of these activities are:
• Satellite, field, laboratory, and modeling studies to develop,

evaluate, and improve inventories of global emissions and the
potential for emission reductions for CH4, carbon monoxide
(CO), N2O, and NOx from anthropogenic and natural sources.
This need will be addressed in collaboration with the carbon
cycle research element (Chapter 7).

• Global monitoring sites to continue recording the growth rate of
CH4 and its variability.This need will be addressed in collaboration
with the Carbon Cycle research element (Chapter 7).

• Field and modeling studies to reduce the uncertainty in the air-
sea exchange rate of key gases (e.g., N2O, CH3SCH3, short-lived
halocarbons) over important regions of the world’s oceans.

• Satellite observations to provide estimates of global distributions
of tropospheric ozone and some of its precursors (e.g., NOx).

• Model studies to simulate past trends in tropospheric ozone to
improve the understanding of its contribution to radiative forcing
over the past ~50 years.

• Satellite and field studies to characterize how regional- and
continental-scale changes in ozone precursor emissions alter
global tropospheric ozone distributions, thereby providing tests
of and improvement in the representation of ozone-related
processes in models.

• Laboratory studies to expand the quantitative descriptions of
tropospheric chemical processes, thereby facilitating the continued
development of reliable climate models.

• Field and model studies to quantify how changes in NOx, CH4,
CO, water vapor, and ozone could alter the abundance of the
hydroxyl radical, which controls the lifetime of many principal
greenhouse gases.

Milestones, Products, and Payoffs
• Observationally assessed and improved uncertainty ranges of the

radiative forcing of the chemically active greenhouse gases [2-4
years]. Aspects of this product will be addressed in collaboration
with the Climate Variability and Change research element
(Chapter 4) and those specifically related to CH4 and CO2 with
the Carbon Cycle research element (Chapter 7).These
improved ranges will be used in formulating future scenarios of
radiative forcing, which will be part of CCSP climate projections.
As a result, there will be a broader suite of choices (i.e., in
addition to CO2) for decisionmakers to influence anthropogenic
radiative forcing, particularly in coming decades.

State of Knowledge
Emissions from rapidly industrializing regions of the world have the
potential to impact air quality and ecosystem health in regions far
from the sources. Paleochemical data from ice cores and snow
document past perturbations and demonstrate that even remote
areas, such as Greenland, are influenced by worldwide emissions.
The anthropogenic contribution to the nitrogen cycle from fossil-
fuel combustion and fertilizer production now rivals in magnitude
the natural input from nitrogen-fixing organisms and lightning.This
additional nitrogen input to the biosphere illustrates how human
activities could have important consequences for ecosystem structure
and function.The importance of the effect of regional pollution on
global tropospheric chemistry has been recognized for some time.
Now, the importance of understanding the reverse effect—that of
global-scale transport of pollutants or global change on regional air
quality—is increasing. A well-recognized example is the enhancement
of background global ozone concentrations by anthropogenic
emissions.

Illustrative Research Questions
This emerging picture is shaping several questions of importance to
society. Some examples of these are as follows:
• What are the impacts of climate change and long-range transport

of regional air pollution on water resources, human health, food-
producing areas, and ecosystems (see Chapters 6, 8, and 9)?

• How do El Niño-Southern Oscillation (ENSO)-related drought
and fires affect regional and global aerosol haze and air quality?

• How do interactions between the biogeochemical cycles of the
macronutrients (e.g., carbon and nitrogen) affect greenhouse gas
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Question 3.3:What are the effects of regional
pollution on the global atmosphere and the effects of
global climate and chemical change on regional air
quality and atmospheric chemical inputs to ecosystems?
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abundances in the atmosphere and the radiative forcing of the
climate system (see Chapters 6 and 8)?

• How do regional changes in atmospheric composition due to
biomass burning affect the abundances of greenhouse gases and
global nutrient cycles (see Chapters 6 and 8)?

• How do the primary and secondary pollutants from the
world’s megacities and large-scale, non-urban emissions (e.g.,
agriculture, ecosystems, etc.) contribute to global atmospheric
composition? 

• What are, and what contribute to, North American “background”
levels of air quality—that is, what levels of pollution are beyond
national control?

• What controls the long-range transport, accumulation, and
eventual destruction of persistent organic pollutants or the
long-range transport, transformation, and deposition of
mercury?

Research Needs
These questions are being addressed by measurements of key
tropospheric constituents from satellites, airborne platforms, and
surface sites. Model analyses and simulations are used to provide a
regional and global context for the measurement data set and to
address future scenarios. Near-term goals include the
following:
• Quantify North American inflow and outflow of reactive and

long-lived gases and aerosols using observations with increasing
spatial and temporal resolution and project future changes.

• Understand the balance between long-range transport and
transformation of pollutants.

• Build and evaluate models that couple the biogeochemical cycles
of elements with specific emphasis on carbon and nitrogen
compounds.

• Continue baseline observations of atmospheric composition over
North America and globally.

• Carry out a detailed global survey of vertically resolved
distributions of tropospheric ozone and its key precursor
species.

• Carry out studies with atmospheric chemistry models coupled
to general circulation models to improve the understanding of
the feedbacks between regional air pollution and global climate
change.

Milestones, Products, and Payoffs
• A simulation of the changes in the impacts of global tropospheric

ozone on radiative forcing over the past decade brought about
by clean air regulations [2-4 years]. Aspects of this product will
be addressed in collaboration with the Climate Variability and
Change research element (Chapter 4).

• Estimates of atmospheric composition and related processes to
be used in assessments of the vulnerability of ecosystems to
urban growth and long-range chemical transport [beyond 4
years]. Aspects of this product will be addressed in collaboration
with the Ecosystems research element (Chapter 8).

• An evaluation of how North American emissions contribute
to and influence global atmospheric composition [beyond
4 years].

• A 21st century chemical baseline for the Pacific region against
which future changes can be assessed [2-4 years].

State of Knowledge
The primary cause of stratospheric ozone depletion observed over
the last 2 decades is an increase in the concentrations of industrially
produced ozone-depleting chemicals (e.g., CFCs).The depletion has
been significant, ranging from a few percent per decade at mid-latitudes
to greater than 50 percent seasonal losses at high latitudes. Notable
is the annually recurring Antarctic ozone hole, as well as smaller,
but still significant, winter/spring ozone losses recently observed in
the Arctic. Reductions in atmospheric ozone levels lead to increased
exposure to ultraviolet radiation at the surface, which has harmful
consequences for plant and animal life, and human health. In response
to these findings, the nations of the world ratified the Montreal
Protocol on Substances That Deplete the Ozone Layer and agreed to phase
out the production of most ozone-depleting chemicals.

Ground-based and satellite measurements show that concentrations
of many of these compounds are now beginning to decrease in the
atmosphere (WMO, 1999,2003). As the atmospheric burden of
ozone-depleting chemicals falls in response to international efforts,
stratospheric ozone concentrations should begin to recover in coming
decades (see Figure 3-4). However, because of the ongoing changes
in atmospheric composition and climate parameters, which began
before the onset of stratospheric ozone depletion, the exact course and
timing of ozone recovery in the coming decades is not fully known.

Illustrative Research Questions
• How will changes in the atmospheric abundances of greenhouse

gases, such as CO2, N2O, and CH4, and the resulting changes in
the radiation and temperature balance (e.g., stratospheric cooling),
alter ozone-related processes in the stratosphere (see Chapter 7)?

• How will changes in physical climate parameters (e.g., stratospheric
winds and temperatures) affect the production and loss of
stratospheric ozone and how might these changes in ozone cause
a feedback that would alter climate parameters (see Chapter 4)?

• What are the ozone-depleting and radiative forcing properties of
the new chemicals chosen to be substitutes for the now-banned
ozone-depleting substances?

• How might climate change affect the abundances of very short-
lived halocarbon gases of natural origin (e.g., from the oceans)
and their contribution to stratospheric ozone depletion?

Research Needs
Improving our understanding of the complex interaction between
the ozone layer and the climate system requires further investigations
of the processes that interconnect ozone, water vapor, reactive trace
constituents (notably chlorine and bromine compounds and reactive
nitrogen oxides), aerosols, and temperature. Research needs include
the following:
• Extend interagency and international satellite observations of

ozone trends, with an emphasis on detecting and attributing
ozone recovery.
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Question 3.4:What are the characteristics of the
recovery of the stratospheric ozone layer in response
to declining abundances of ozone-depleting gases and
increasing abundances of greenhouse gases?

 



Chapter 3.Atmospheric Composition Climate Change Science Program Strategic Plan

• Continue global monitoring of the changes in the abundances of
ozone-depleting substances and their substitutes and assessing
compliance with the Montreal Protocol.

• Evaluate the impacts on stratospheric ozone and climate forcing
of proposed substitute gases with laboratory chemistry and
atmospheric models to provide early information to industry
prior to large investments in production.

• Maintain and expand measurements of the ozone vertical profile
throughout the troposphere and stratosphere in order to obtain
a more precise evaluation of the radiative forcing associated with
ozone and a more precise detection of stratospheric ozone
recovery.

• Use focused aircraft, balloon, and ground-based campaigns,
satellite data sets, and chemical transport modeling activities to
address:
– Cross-tropopause transport processes to better understand

the ozone-depleting role of the very short-lived (days to
months) halocarbon gases that have either been observed in
the atmosphere or are proposed for applications that may
lead to atmospheric release

– The response of polar stratospheric cloud formation and
ozone-loss chemistry to trends in water vapor and temperature
in the stratosphere

– Stratospheric transport processes to better understand ozone
layer responses to climate change.

• Continue monitoring the trends in ultraviolet radiation,
particularly in regions of high radiation exposure and high
biological sensitivity.

Milestones, Products, and Payoffs
• Updated trends in ozone and surface ultraviolet radiation, analysis

of compliance with the provisions of the Montreal Protocol, and
model forecasts of ozone recovery [2-4 years].

• Improved quantitative model evaluation of the sensitivity of the
ozone layer to changes in atmospheric transport and composition
related to climate change [2-4 years].

• Contribute new findings to the 2006 update of the international
scientific assessment of stratospheric ozone depletion [2-4 years].
– This sixth in the series of “operational” products of the ozone

science community is key to addressing accountability with
respect to ozone depletion—namely, is the outcome expected
from international actions being observed?

State of Knowledge
This question is intended to underscore the explicit need to better
understand the relationships that exist between research issues that
historically have been treated separately. Understanding the potential
consequences of changes in atmospheric composition cuts across a
range of important societal issues and scientific disciplines.
Atmospheric composition links climate change, air quality, and
ozone depletion with human and ecosystem health.The links involve
physical processes and feedback mechanisms—some of which are
newly recognized and most of which require further study.

Understanding these connections is important for understanding
climate change on regional and global scales. For example, research
has demonstrated that stratospheric ozone depletion not only causes
increased exposure to ultraviolet radiation at the surface, but also
exerts a cooling influence on the global climate. Conversely, climate-
related changes may cool the lower stratosphere and increase ozone
layer depletion in polar regions.Tropospheric ozone, of concern
primarily as a component of smog, is not only a local health risk,
but also exerts a warming influence on the global climate.
Emissions of SO2 from fossil-fuel combustion not only lead to the
formation of acid rain, but also contribute to sulfate-aerosol haze,
which exerts a cooling influence on the global climate system.

It is clear that these issues, which initially may have been treated
separately by scientists and policymakers, now require a more
integrated approach that addresses multiple sources, stresses, and
impacts (NASA, 2002).
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Figure 3-4: Schematic illustrating the estimated recovery of stratospheric
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Question 3.5:What are the couplings and feedback
mechanisms among climate change, air pollution,
and ozone layer depletion, and their relationship to
the health of humans and ecosystems?
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Illustrative Research Questions
• How do changes in the anthropogenic emissions of NOx, CO,

and VOCs affect the abundance of CH4 and ozone on regional
and global scales (see Chapters 7 and 9)?

• How is air quality affected by changes in climate and weather
patterns—for example, changes in ozone resulting from a
change in cloudiness, temperature, precipitation, etc. (see
Chapter 4)?

• How do the regional and global radiative forcings of aerosols
respond to changes in aerosol precursor gases (e.g., sulfur gases,
ammonia, and VOCs)?

• What are the common stresses that climate change, ozone layer
depletion, and regional air quality exert on humans and
ecosystems and do these stresses interact synergistically (see
Chapters 8 and 9)?

Research Needs
Research needs, in addition to those given in Sections 3.1 to 3.4,
linking atmospheric composition issues to the health of humans and
ecosystems are:
• Build and evaluate diagnostic/prognostic models of the coupled

climate, chemistry, transport, and ecological systems at the
local, regional, and global scales.This need will be addressed
in part by products of the Ecosystems research element
(Chapter 8).

• Identify and quantify how ecosystems are affected by human
activities that change the chemical composition of the
atmosphere.

• Build and evaluate models that efficiently represent the behavior
of biogeochemical systems and link these models with
decisionmaking frameworks.

• Carry out multiple-issue state-of-understanding scientific
assessments, in partnership with a spectrum of stakeholders and
with the aim of characterizing integrated “If…, then…”
options.

Milestones, Products, and Payoffs
• Strengthened processes within the national and international

scientific communities providing for integrated evaluations of
the impacts on human health and ecosystems caused by the
intercontinental transport of pollutants, the impact of air
pollutants on climate, and the impact of climate change on air
pollutants [2-4 years].The evaluations will be useful in
developing integrated control strategies to benefit both regional
air quality and global climate change, and the local attainment
of air quality standards [2-4 years]. Aspects of this product will
be addressed in collaboration with the Climate Variability and
Change (Chapter 4), Carbon Cycle (Chapter 7), and Human
Contributions and Responses (Chapter 9) research elements.

• In 2006, the U.S. atmospheric research community will produce
the first State of the Atmosphere report that describes and interprets
the status of the characteristics and trends associated with
atmospheric composition, ozone layer depletion, temperature,
rainfall, and ecosystem exposure (see Chapters 12 and 13)
[2-4 years].

• Diagnostic/prognostic models of the coupled climate, chemistry/
transport, and ecological systems [beyond 4 years].

The Atmospheric Composition research focus is linked via cooperation,
co-planning, and joint execution to several national and international
planning and coordinating activities. A few examples follow:
• Interagency Programs: Joint planning [e.g., with the

National Aerosol-Climate Interactions Program (NACIP)] is a
principal strategy for achieving CCSP objectives.

• Committee on Environment and Natural Resources -
Air Quality Research Subcommittee (AQRS): Joint
research is conducted on the global/continental scales within
the CCSP and on the regional/local scales within the AQRS
(e.g., global influences on the “natural background” of air
pollutants and linkages with the stakeholders via the AQRS).

• International Global Atmospheric Chemistry (IGAC):
IGAC, a core project of the International Geosphere-Biosphere
Programme, coordinates several international projects focused
on the chemistry of the global troposphere and its impact on the
Earth’s radiative balance (e.g., the new Intercontinental
Transport and Chemical Transformation project, involving
Asian, North American, and European researchers).

• Surface Ocean-Lower Atmosphere Study (SOLAS):
SOLAS, a new core project of the International Geosphere-
Biosphere Programme, will coordinate several international
projects focused on the exchange of climate-relevant gases and
particles between the troposphere and oceans.

• World Climate Research Programme/Stratospheric
Processes and their Role in Climate (WCRP/SPARC):
SPARC coordinates international cooperation in research on
climate-related aspects of stratospheric science, including efforts
aimed at understanding long-term trends in the composition of
the stratosphere and upper troposphere.

• International Assessments: Atmospheric composition and its
role in the radiative forcing of climate and ozone depletion is a
key component of
international
assessments on
these topics—
performed under
the auspices of the
Intergovernmental
Panel on Climate
Change and the
United Nations
Environment
Programme/World
Meteorological
Organization,
respectively. Each
involves the
participation of a
large international
body of scientists
that represents
atmospheric
and cross-cutting
disciplines.
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Climate variability and change profoundly influence social
and natural environments throughout the world, with
consequent impacts on natural resources and industry that
can be large and far-reaching. For example, seasonal-to-
interannual climate fluctuations strongly affect the success
of agriculture, the abundance of water resources, and the
demand for energy, while long-term climate change may
alter agricultural productivity, land and marine ecosystems,
and the resources that these ecosystems supply. Recent
advances in climate science are beginning to provide
information for decisionmakers and resource managers to
better anticipate and plan for potential impacts of climate
variability and change. Further advances will serve the
nation by providing improved knowledge to enable more
scientifically informed decisions across a broad array of
climate-sensitive sectors.

Climate research has indicated that, globally, it is very likely
that the 1990s were the warmest decade in the instrumental
record, which extends back to the 1860s (see Figure 4-1);
large climate changes can occur within decades or less, yet

last for centuries or longer; and the increase in Northern Hemisphere
surface temperatures during the 20th century likely exceeds the
natural variability of the past 1,000 years (IPCC, 2001a,d). Placing
instrumental records in the context of longer term variability
through paleoclimate analyses has played a key role in these findings.
Moreover, observational evidence together with model simulations
incorporating a comprehensive suite of natural and anthropogenic
forcings indicate that “…the changes observed over the last several
decades are likely mostly due to human activities, but we cannot rule
out that some significant part of these changes is also a reflection of
natural variability” (see Figure 4-2) (NRC, 2001a). All climate models
used in the most recent Intergovernmental Panel on Climate Change
(IPCC) assessment project that global mean temperatures will continue
to increase in the 21st century and will be accompanied by other
important environmental changes, such as sea-level rise, although
the magnitudes of the projected changes vary significantly depending
on the specific models and emissions scenarios (IPCC, 2001a,d).

Climate research has also significantly advanced our knowledge of
the temporal and spatial patterns of climate variability. Substantial
improvements in our ability to monitor the upper tropical Pacific

Climate Variability and Change4
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Ocean now provide the world with an “early warning” system that
shows the development and evolution of El Niño-Southern Oscillation
(ENSO) events as they occur.This improved observational system,
together with an increased understanding of the mechanisms that
produce ENSO, has led to useful climate forecasts at lead times of up
to several months.This developing capability has given the world an
unprecedented opportunity to prepare for and reduce vulnerabilities
to the impacts of ENSO, and thereby provided direct social and
economic benefits as returns on climate science investments.

Research supported by the U.S. Global Change Research Program
(USGCRP) has played a leading role in these scientific advances,

which have provided new climate information to help society better
anticipate and prepare for potential effects of climate variability
and change.While progress in this area has been impressive, there
still remain many unresolved questions about key aspects of the
climate system, including some that have enormous societal and
environmental implications. For example, we are just beginning to
understand how climate variability and change influence the local
and regional occurrence and severity of extreme events such as
hurricanes, floods, droughts, and wildfires. In many parts of the
world, including the United States, such events are tied to ENSO
variability, which has undergone significant changes in the past,
perhaps in response to relatively subtle changes in forcing. A better
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understanding of ENSO behavior under different climate states is
therefore needed.

We have also identified several major recurrent natural patterns of
climate variability other than ENSO, but do not yet know to what
extent they are predictable. Our predictive capabilities at local and
regional scales show promise in some regions and for some

phenomena, but in many instances are still quite poor.We have yet
to obtain confident estimates of the likelihood of abrupt climate
transitions, although such events have occurred in the past (NRC,
2002). Perhaps most fundamentally, we do not yet have a clear
understanding of how these natural climate variations may be
modified in the future by human-induced changes in the climate,
particularly at regional and local scales, and how emerging
information about such changes can be used most effectively to
evaluate the vulnerability and sustainability of human and natural
systems (see, e.g., Figure 4-3).

The transformation of knowledge gained from climate research into
information that is useful for societal decisions presents many
challenges, as well as significant new opportunities.The process of
understanding climate impacts and using climate information
requires a detailed understanding of the interactions of climate,
natural systems, and human institutions.Thus, to obtain maximum
benefits from advances in knowledge of climate variability and
change, it will be essential to forge new relationships between the
climate research community, social scientists, and the rapidly
expanding base of public and private sector users of climate
information. For continued progress over the next decade, research
on climate variability and change will focus on answering two
overarching questions:
• How are climate variables that are important to human and

natural systems affected by changes in the Earth system resulting
from natural processes and human activities?

• How can emerging scientific findings on climate variability and
change be further developed and communicated in order to
better serve societal needs?

Providing decision-relevant answers to these questions will require
a research infrastructure that includes: a sustained, long-term
observing system of a quality necessary for climate research and
assessments (Chapter 12); a highly focused and adequately funded
modeling activity to analyze and integrate climate observations and
support climate predictions and projections (Chapter 10); and a
research-based infrastructure to develop partnerships among climate
scientists, other natural scientists (e.g., biologists), social scientists,
and public/private-sector decisionmakers to accelerate the production
and applications of climate knowledge (Chapter 11). In addition,
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Figure 4-2: Climate model simulations of the Earth’s temperature variations
compared with observed changes for (a) natural forcing due to solar
variations and volcanic activity; (b) anthropogenic forcing from greenhouse
gases and an estimate of sulfate aerosols; and (c) both natural and
anthropogenic forcing included. The model results show that the forcings
included are sufficient to explain the observed changes, but do not exclude
the possibility that other forcings may also have contributed. Source: IPCC
(2001d). For more information, see Annex C.

Figure 4-3: Wind-blown dust buried farms and equipment, killed livestock,
and caused human death and misery during the Dust Bowl drought of the
1930s. Source: Monthly Weather Review, June 1936 (courtesy NOAA).
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coordinated research management will be required to ensure a
broad-based and collaborative research program spanning academic
institutions, government and private laboratories, and public and
private sector expertise, to sustain research into climate variability
and change and to provide advanced graduate and post-doctoral
training for the next generation of scientists (Chapter 16).

In developing a research strategy, it is vital to recognize that the
problems of climate variability and change are intrinsically connected:
for example, regional impacts of climate change will depend
directly on the variability of the global climate system. Moreover,
future climate variability (e.g., frequency of ENSO events) will
depend in part on changes in the mean climate.Therefore, problems
of climate variability and change cannot be cleanly separated, and
the success of understanding each will require improved
understanding of both.The overall scientific strategy described in
this chapter includes:
• Carefully designed, implemented, and managed observing

system elements that will directly improve our knowledge of
the climate system and will drive improvements in climate
models

• Systematic, ongoing programs of climate data collection,
integration, and analysis

• Process studies to elucidate critical processes that govern the
climate system, but which in many cases are poorly understood
and modeled

• Building a research infrastructure, such as the Earth System
Modeling Framework, that supports collaborations among climate
scientists and climate modeling centers

• Improving capabilities to assess climate information needs and to
provide needed information to decisionmakers at local, regional,
and national levels.

Advances will require improvements in paleoclimatic data as well as
modern observational data systems, because in general the latter
have been present for too short a time to extract robust features of
climate variability on decadal or longer time scales. For example, in
the Arctic, few climate stations have records extending back beyond
50 years, but paleoenvironmental analyses indicate that both the
magnitude and spatial extent of 20th century Arctic warming may
be unprecedented over the past 400 years. Paleoclimatic analyses
also reveal the occurrence of decades-long mega-droughts at lower
latitudes, including large portions of the United States (NRC,
2002).

The Climate Variability and Change research element will play a
central integrating role in the Climate Change Science Program
(CCSP). As indicated by the numerous linkages, the Climate
Variability and Change research element will provide the array of
advanced climate prediction and projection products that the other
CCSP elements will utilize.This can be achieved only through the
continued development of core climate system models that integrate
the observational, analytical, and specialized modeling capabilities
planned within the other CCSP elements, in order to provide
improved information necessary to respond to the scientific and
decisionmaking needs of the overall program.The overarching
questions in the areas of climate variability and change can be
addressed most effectively by focusing attention on five key science
questions and their associated research objectives, as described below.

State of Knowledge
Climate system feedbacks, such as from clouds, water vapor,
atmospheric convection, ocean circulation, ice albedo, and vegetation,
produce large uncertainties in climate change projections by
modulating the direct response to radiative perturbations that result
from changing greenhouse gas concentrations, solar variability, or
land-cover changes. State-of-the-art climate models exhibit a large
range in the cumulative strengths of these feedbacks, with major
U.S. models used in recent IPCC assessments lying at nearly the
opposite ends of this range (IPCC, 2001a). A key issue for climate
science is the extent to which the range in model projections resulting
from the differences in climate system feedbacks can be quantified
and reduced. Important feedbacks include relatively fast processes
on time scales of minutes to months (e.g., clouds and turbulent
ocean mixing). Such rapid processes also affect models used for
seasonal-to-interannual climate predictions, which can be used as
effective test beds for research in this area.

All major U.S. climate models fail to accurately simulate certain
climate system processes and their associated feedbacks in response
to natural or anthropogenic perturbations.The oceans store and
transport energy, carbon, nutrients, salt, and freshwater on multiple
time scales and help to regulate and determine climate changes on a
continuum of time scales.Yet some critical ocean phenomena,
including ocean mixing and large-scale circulation features that
determine the rate of storage and transport, remain as key challenges
to understand, assess, and model. Other critical processes that are
inadequately represented in climate models include atmospheric
convection, the hydrological cycle, and cloud radiative forcing
processses. Although observed changes in incoming solar radiation, a
natural climate forcing, are small relative to changes in net radiative
forcing by greenhouse gases (IPCC, 2001a,b), there is some evidence
that feedbacks within the climate system may magnify otherwise
weak solar variability. In spite of many research efforts over the past
several decades and longer, the physical processes responsible for
such feedbacks remain uncertain.

The cumulative effect of these processes influences the magnitude,
rate, and spatial distributions of the climate response to natural or
anthropogenic forcing. Modeling deficiencies are related both to
limits in understanding the physics of the climate system and
insufficient fine-scale treatment of the key processes.They contribute
to uncertainties in projections of climate change, and thereby hinder
the development of adequate response strategies and formulation of
environmental and energy policies. High-priority research will
focus on several sub-questions:
• 4.1.1—What are the key climate system feedbacks that determine

the transient and equilibrium responses for a specified radiative
forcing?

• 4.1.2—How and to what extent can uncertainties in these
feedbacks be quantified?

• 4.1.3—How sensitive are climate change projections to various
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Question 4.1:To what extent can uncertainties in
model projections due to climate system feedbacks
be reduced?
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strategies for limiting changes in anthropogenic forcing, such as
by enhancing biogeochemical sequestration or changing land use
and cover?

• 4.1.4—How can satellite, instrumental, and paleoclimatic
observations of the Earth’s past variations in climate be used to
quantify and reduce uncertainties in feedbacks and provide
bounds for the major elements of climate change projections for
the next century?

• 4.1.5—To what extent are climate changes as observed in
instrumental and paleoclimate records related to volcanic and
solar variability, and what mechanisms are involved in producing
climate responses to these natural forcings?

• 4.1.6—How may information about climate sensitivity and
feedbacks be used to develop effective strategies for the design
and deployment of observational systems?

Research Needs 
U.S. research into climate forcing, feedbacks, and sensitivity is
conducted at a few major modeling centers, federal and private
laboratories, and universities.The intellectual quality of the research
is outstanding, with many new and innovative ideas for model
development and applications. However, the infrastructure and the
observational data are currently inadequate to implement and
evaluate these ideas cooperatively among the various modeling
groups. Steps are being taken to address these deficiencies, but
more must be done.

In order to optimize modeling resources and enable meaningful
collaborations among modelers, it is necessary to develop and
maintain a common and flexible infrastructure at the major modeling
centers. By adopting common coding standards and system software,
researchers will be able to test ideas at any of the major modeling
centers, and the centers themselves will be able to easily exchange
parameterizations as well as entire modules so that all groups benefit.
The CCSP-supported Earth System Modeling Framework is an
important start in this direction.

Additional infrastructure needs include: continuing enhancements
of computational resources to keep pace with increasing model
complexity (e.g., chemistry, biology); higher resolution, multi-century
climate model simulations run from many different initial states
(i.e., as ensembles) to help understand climate variability and change
of the 18th, 19th, and 20th centuries and quantify probabilities of
future climate events; additional software engineers for developing
and managing model codes and building common and flexible
infrastructure; and modeling center outreach scientists to aid and
enable collaborations with external researchers. Benefits will
include more efficient and rapid transfer of research results into
applications, thereby achieving savings in human resource and dollar
costs (Chapter 10).

Climate research also requires sustained, high-quality environmental
observations. Long-term climate observing systems (e.g., ARGO
floats and ocean profilers, aerosol-radiation-cloud observatories),
satellite data, retrospective data (instrumental and paleoclimatic),
field observations, and increased fidelity of current operational data
streams and improved reanalyses of historical data will all be needed
to produce data sets designed for climate change detection studies,

trend analyses, process research, and model development and testing
(see also Question 4.2 and Chapter 12). Moreover, incorporation of
observational data into modeling through improved data assimilation
methods and more advanced models will address the reliability and
uncertainties of these frameworks as well as facilitate the design of
observing networks.

Further modeling research is required to improve simulations of
seasonal-to-interannual variability in global models used for climate
projections and to apply these models to improve seasonal-to-
interannual climate predictions. Because many of the most important
effects of global change will be felt at regional to local scales,
improved capabilities of the global models to simulate and predict
seasonal-to-interannual variability at these scales will be important
both for validating the credibility of the models and building
confidence among decisionmakers regarding the use of these models
in global change projections.

A new research mode for accelerating improvements in climate
models will be tested and evaluated with Climate Process and
Modeling Teams (CPTs, see Box 4-1). CPTs are intended to
complement rather than replace single investigators or other
collaborative research on climate sensitivity and feedbacks. Pilot
CPTs will begin in FY2003-2004.

Milestones, Products, and Payoffs
Products
• Refined estimates of the role of climate feedback processes in

affecting climate sensitivity and improvements in their
representation in climate models, leading to a narrowing of the
range of climate model projections (Questions 4.1.1 and 4.1.2)
[2-4 years and beyond].
– For cloud and water vapor feedbacks, the Water Cycle

research element will provide theoretically based cloud-
resolving models, mesoscale models of cloud processes,
cloud/precipitation process research, cloud energy budgets,
and satellite data sets (e.g., CloudSat).The Climate
Variability and Change research element will be responsible
for cloud/water vapor feedback processes in the context of
the coupled climate system models (e.g., the use of cloud-
resolving models to test cloud parameterizations in climate
models).

• Improved estimates of the climate response to different emissions
[e.g., carbon dioxide (CO2), aerosols, black soot] and land-use
scenarios (Question 4.1.3) [2-4 years and beyond].
– The capabilities of current climate models to link emissions

to global atmospheric distributions of concentrations of
pollution, including the chemical and heating and cooling
properties of embedded atmospheric aerosols, will be
addressed in cooperation with the Atmospheric Composition
research element, as will assessments of the ability of the
models to simulate observed radiative forcing of chemically
active greenhouse gases, including improved uncertainty
ranges. Aspects of this research will also be conducted
cooperatively with the Land-Use/Land-Cover Change
research element.

• New and improved climate data products, including: assimilated
data from satellite retrievals and other remotely sensed and in
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situ data for model development and testing; consistent and
regularly updated reanalysis data sets suitable for climate studies;
centuries-long retrospective and projected climate system
model data sets; high-resolution data sets for regional studies
[e.g., Atmospheric Radiation Measurement (ARM) site data to
initialize and evaluate cloud-resolving models]; and assimilated
aerosol, radiation, and cloud microphysical data for areas with
high air pollution, such as urban centers throughout the world
(Question 4.1.4) [2-4 years and beyond].
– Some of these data will be collected, quality-controlled, and

integrated in cooperation with the Atmospheric Composition
and Water Cycle research elements, and will support these
and the Carbon Cycle research element.

• Increased understanding and confidence in attribution of the
causes of recent and historical changes in the climate (Questions
4.1.4 and 4.1.5) [2-4 years and beyond].
– The Atmospheric Composition research element will provide

emission and atmospheric concentration data and the Land-
Use/Land-Cover Change research element will provide
historical land-use change time series and land-use scenarios.
Selected Climate Variability and Change data and analyses
will be provided for the Atmospheric Composition research
element’s assessment of the impacts of tropospheric ozone
on radiative forcing brought about by clean air regulations
enacted during the last decade.

• Targeted paleoclimatic time series as needed, for example, to
establish key time series of observations and natural forcing
mechanisms as benchmarks of climate variability and change
(Question 4.1.5) [2-4 years and beyond].

• Improved effectiveness of global and regional observing systems,
including deployment of new systems and re-deployment of
existing systems, based on guidance provided by modeled climate
sensitivities and feedbacks (Question 4.1.6) [2-4 years and beyond].

• Policy-relevant information on climate sensitivities and the
uncertainties in climate model projections due to climate
system feedbacks, in support of the IPCC and other national and
international assessments (all 4.1 questions) [2-4 years and beyond].

Payoffs
• More efficient and rapid transfer of research results into

applications [2-4 years and beyond].
• Increased confidence in estimates of the global and regional

manifestations of future changes in climate [beyond 4 years].

State of Knowledge
One of the major advances in climate science over the past decade
has been the recognition that much of climate variability is associated
with a relatively small number of recurrent spatial patterns, or
climate modes.These include, in addition to ENSO, the North
Atlantic Oscillation (NAO), the northern and southern hemisphere
annular modes (NAM, SAM), Pacific Decadal Variability (PDV),
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FY04 CCRI Priority - Cloud and
Water Vapor Feedbacks and Ocean
Circulation and Mixing Processes
The Climate Change Science Program
will address targeted climate processes
known to be responsible for large
uncertainties in climate predictions and
projections. A new paradigm for
conducting the research—Climate
Process and Modeling Teams—will be
used and evaluated.

Important processes that are inadequately
represented in climate models include
atmospheric convection, the hydrological
cycle, and clouds and their net radiative
forcing.Water vapor is the most important
of the greenhouse gases, and clouds
affect both vertical heating profiles and
geographic heating patterns. Results
from climate models suggest that there
will be an overall increase in water vapor

as the climate warms. However, scientists
know neither how the amounts and
distributions of water vapor and clouds
will change as the total water vapor in
the atmosphere changes, nor how the
associated changes in radiative forcing
and precipitation will affect climate.
Improved representation of the distribution
of and processes involving water vapor
in climate models is therefore critical to
improving climate change projections.

Ocean mixing plays a pivotal role in
climate variability and change, and is a
primary source of uncertainty in ocean
climate models.The highly energetic
eddies of the ocean circulation are not
well resolved and cannot be sustained
for the multiple thousands of years of
simulations required to assess coupled
climate sensitivity.This leaves the problem
of parameterization of eddy fluxes as a

key issue for improving coupled model
simulations.

Accelerating improvements in climate
models requires coordinated observational,
process, and modeling programs by
teams of scientists—that is, CPTs, an
approach first proposed by U.S. CLIVAR
(a complete description of CPTs can be
found on its website,
<http://www.usclivar.org>). CPTs
will rapidly identify, characterize, and
ultimately reduce uncertainties in climate
model projections as well as determine
observational requirements for critical
processes. For problems that are generic
to all climate models (e.g., cloud
processes and ocean mixing), the CPTs
will consist of teams of climate process
researchers, observing system specialists,
and modelers working in partnership
with designated modeling centers.

CLIMATE VARIABILITY AND CHANGE

BOX 4-1  

Question 4.2: How can predictions of climate
variability and projections of climate change be
improved, and what are the limits of their
predictability?
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Tropical Atlantic Variability (TAV), the Tropical Intra-Seasonal
Oscillation (TISO), and monsoon systems. At present, there is
limited understanding of the physical mechanisms that produce and
maintain natural climate modes, the extent to which these modes
interact, and how they may be modified in the future by human-
induced climate changes.These limitations in knowledge introduce
major uncertainties in climate predictions, climate change projections,
and estimates of the limits of climate predictability, especially for
regional climate (see also Question 4.1).They directly hinder our
capabilities to address many of the “If…, then…” questions posed
by decisionmakers.

Simulations of past climate conditions for which forcing estimates
have been obtained provide an effective and practical means for
assessing the scientific credibility of climate models.They enable
detailed investigations of whether climate models realistically
reproduce past climate states and responses in key environmental
variables, such as sea level.They may also be used to evaluate how
well the models simulate the various naturally recurring modes of
climate variability. Process research that includes enhanced and
extended observations—such as over the Pacific, Atlantic, and
Indian Oceans basins and adjacent land and ice regions—provides a
critical means for evaluating physical mechanisms and feedbacks,
validating models, and assessing the corresponding effects on
regional climate.

The extent to which skillful regionally specific climate predictions
and climate change projections can be provided is an issue of
fundamental practical importance.Various approaches have been
proposed, including high-resolution global models, nested global-
regional models, probabilistic information derived from ensembles
with either individual or multiple climate models, and statistical
downscaling. Much additional work is required to determine optimal
methods and the feasibility of downscaling climate information to
regional-to-local levels. Here, research on short-term climate
variability (e.g., due to ENSO) can provide valuable insights.
Developing capabilities to reproduce regional manifestations of
interannual climate variability in climate models will also be crucial
for establishing credibility with scientists and decisionmakers
regarding longer term climate change scenarios (see, e.g., Figure 4-4).

High priority research will seek to answer the following questions:
• 4.2.1—How can advances in observations, understanding, and

modeling of ocean-atmosphere-land interactions be used to further
improve climate predictions on seasonal to decadal time scales?

• 4.2.2—What are the time scales for changes in climate variability
following major changes in the land surface, oceans, or sea ice,
and how does this “memory” contribute to climate predictability
on multi-year to decadal time scales?

• 4.2.3—What are the projected contributions from different
components of the climate system to future sea-level changes,

45

80N

60N

40N

20N

E

20S

40S

60S

80N

60N

40N

20N

E

20S

40S

60S

180 140W 100W 60W 20W 20E 60E 100E 140E 180

180 140W 100W 60W 20W 20E 60E 100E 140E 180

-70 -60 -50 -45 -40 Nor Clim 40 45 50 60 70

1 April Starts

1994 1996 1998 2000 2002 2004

NN
O3

 S
ST

 A
no

m
al

y 
(¡

C)

-2

0

2

4

1 September Starts

1994 1996 1998 2000 2002 2004

NN
O3

 S
ST

 A
no

m
al

y 
(¡

C)

-2

0

2

4

Observations
Ensemble Member
Ensemble Mean

Observations
Ensemble Member
Ensemble Mean

a)

c)

d)

b)

-70 -60 -50 -45 -40 Nor Clim 40 45 50 60 70
% Changes

Figure 4-4: Left Panel: Multi-model derived probability forecasts of the most likely category for (a) precipitation and (b) temperature for January-March 2003
(models run December 2002). Positive values indicate forecast probabilities in the above normal category (upper one-third of climatological temperature or
precipitation distributions, respectively) while negative values indicate probabilities in the below normal category (lower one-third of the distributions).
Right Panel: Ensemble predictions with a coupled model system of eastern Pacific sea surface temperature (SST) anomalies 9 months in advance, with
predictions starting in April (top) and September (bottom) of each year. The spread of the six-member ensembles, which is particularly evident in the 1 April
starts, indicates the relatively large uncertainties in predicting SST anomalies so far in advance. Sources: (a) International Research Institute for Climate
Prediction, and (b) NASA Seasonal-to-Interannual Prediction Project.
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what are the uncertainties in the projections, and how can they
be reduced?

• 4.2.4—What is the potential for improved representation of
natural modes of climate variability, such as ENSO, PDV, NAO,
TAV,TISO, monsoons, and the annular modes, and how might
this knowledge be used to extend and improve climate predictions? 

• 4.2.5—How might human-induced changes that affect the climate
system, such as changes in atmospheric composition, aerosols,
ground cover and land use, and natural forcing from solar
variability and volcanic activity, alter climate forcing and hence
climate variability and predictability on global and regional
scales? 

• 4.2.6—How do current and projected climate changes compare
with past changes and variations in climate in terms of patterns,
magnitudes, and regional manifestations? For example, is the
magnitude and time scale of the observed 20th century warming
of the Arctic unprecedented in the last 1,000 to 10,000 years?

Research Needs
Essential research needs include the development and support for
long-term, sustained climate modeling and observing capabilities (see
also Question 4.1 and Chapters 10 and 12).These include remote-
sensing data sets, global and regional reanalyses, and retrospective
data including new high-resolution paleoclimate data sets. Field
observations and process studies are necessary for improving
understanding and modeling of the physical mechanisms responsible
for climate feedbacks, evaluating the extent to which climate
models successfully replicate these mechanisms, and determining
observational requirements for critical processes. Additional research
is required to develop improved methodologies to determine from
global model projections changes in regional climate and seasonal-
to-interannual variability.Vital constraints that must be considered
include the water cycle (Chapter 5) and global energy balance.

Focused research efforts, such as the CPTs described earlier in this
chapter, can play an important role in accelerating improvements in
global climate models. Sea-level observations, geodetic reference
frame measurements, ice sheet and glacier volume estimates, as
well as advances in modeling are required to further refine sea-level
change projections. Other research needs include producing data
sets from ensembles of extended model simulations, and an updated,
consistent reanalysis suitable for climate diagnostic analysis, attribution,
and detection, including, if feasible, all of the 20th century. Moreover,
access to model products, predictions, and tailored value-added
products/information must be provided to the decisionmaking
community to foster progress in utilizing prediction capabilities (see
Question 4.5 and Chapter 11).

Milestones, Products, and Payoffs
Products
• Dynamically consistent global time series of observations (e.g.,

regularly updated and extended global climate reanalyses; 50-
year long, 1° ocean data assimilation products) (Question
4.2.1.) [2-4 years].
– Some aspects of this work will be conducted in collaboration

with the Water Cycle research element. Selected data products
will provide the Carbon Cycle research element information
required for carbon cycle model development. Climate

model simulations of the 18th, 19th, and 20th centuries, and
projections for the next couple of centuries that contain
gridded values of all climate (ocean, atmosphere, sea ice,
etc.) variables, also will be available for use by several other
science elements.

• Extended model-based data sets to assess predictability and
develop new approaches to improving seasonal-to-interannual
climate predictions (Question 4.2.1) [2-4 years and beyond].

• Improved predictions of El Niño-La Niña, particularly the onset
and decay phases (Question 4.2.1) [2-4 years and beyond].

• Improved probability forecasts of regional manifestations of
seasonal climate anomalies resulting from ENSO (Questions
4.2.1 and 4.2.4) [less than 2 years and beyond].

• A paleoclimatic database designed to evaluate the ability of state-
of-the-art climate models to simulate observed decadal- to
century-scale climate change, responses to large changes in climate
forcing, and abrupt climate change (Questions 4.2.2, 4.2.5, and
4.2.6) [2-4 years].
– The Carbon Cycle research element will provide information

on feedbacks to the climate from large changes in carbon
storage and fluxes.

• Development and extension of critical data sets to improve
analyses of climate variability and attribution of causes of climate
change (Questions 4.2.2 and 4.2.6) [2-4 years and beyond].

• Improved high-resolution, three-dimensional ocean circulation
models (Questions 4.2.1–4.2.4) [2-4 years and beyond].
– The Climate Variability and Change research element will

lead in development of suitable ocean models for climate
purposes, but will rely on other elements for model
subcomponents (e.g., Carbon Cycle for biogeochemistry,
Ecosystems for biological,Water Cycle for important forcings
such as continental freshwater runoff).

• Improved estimates of global air-sea-land fluxes of heat, moisture,
and momentum needed to discern characteristics of ocean-
atmosphere-land coupling and to assess the global energy balance
(Questions 4.2.1–4.2.4) [2-4 years].
– The Water Cycle research element (providing precipitation

products and land-surface fluxes) will work jointly with
Climate Variability and Change on this product. Climate
Variability and Change, working with the Water Cycle
research element, will coordinate selected field measurements
with those of the Carbon Cycle research element to derive
more complete three-dimensional time series for flux and
transport studies of carbon and ocean nutrients.

• Improved representation of processes (e.g., thermal expansion,
ice sheets, water storage, coastal subsidence) in climate models
that are required for simulating and projecting sea-level changes
(Question 4.2.3) [2-4 years and beyond].
– In addition to the above factors, local to regional changes in

sea level will be affected by movements in land due to natural
processes or human influences (e.g., the removal of
groundwater), which will require Climate Variability and
Change to coordinate in this area with the Water Cycle and
Land-Use/Land-Cover Change research elements.

• Improved understanding and parameterizations of key mechanisms
for seasonal-to-decadal variability, based on process studies
together with modeling research and analyses (Question 4.2.4)
[2-4 years and beyond].

• Improvements in the representation of major modes of climate
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variability in climate change projection models and predictions
of regional patterns of different modes of climate variability
(Question 4.2.4) [beyond 4 years].

• An assessment of potential predictability beyond ENSO (e.g.,
associated with PDV, NAO, annular modes, tropical Atlantic and
Indian Ocean variability and trends, and the monsoons)
(Question 4.2.4) [beyond 4 years].

• Estimates of the spatial and temporal limits of predictability of
climate variability and change forced by human activities
(Question 4.2.5) [beyond 4 years].

• Policy-relevant information on natural climate variability and
the potential predictability of climate variability and change in
support of national and international science assessments [2-4
years and beyond].

Payoffs
• An improved ability to separate the contributions of natural

versus human-induced climate forcing to climate variations and
change, resulting in more credible answers to “If…, then…”
policy-related questions [beyond 4 years].

• Increased understanding of changes in natural variability and
potential impacts on predictability that may result from
anthropogenic forcing [beyond 4 years].

• Research to address Questions 4.1 and 4.2 will provide more
reliable and useful climate prediction products and other essential
support to U.S. and international decisionmakers and resource
managers, and will assist climate assessment efforts by increasing
understanding of critical processes required to evaluate and
improve major climate models (see Chapter 10) [2-4 years and
beyond].

State of Knowledge
Analyses of the paleoclimate record—the record of the Earth’s
environmental history derived from sources such as ice cores, tree
rings, and lake and ocean sediments—provide compelling evidence
for past abrupt climate changes. In some locations, changes of up to
16°C in temperature and a factor of two in precipitation have
occurred within decades to years, yet lasted for centuries and
longer (NRC, 2002). Paleoclimate data indicate that these changes
have been manifested by significant shifts in the baseline climate and
in the character and patterns of variations about average conditions.
The rapidity of such changes poses major challenges to the
vulnerability and adaptability of societies and ecosystems.

Previous paleoclimate research has provided significant advances in
our understanding of the general structure and geographic extent of
past abrupt climate changes. Much past research has focused on
colder climate conditions, and a challenge for the future will be to
understand the potential for abrupt change in the context of an
overall warming climate. Abrupt climate changes may be associated

with the crossing of a climatic threshold, the onset of nonlinear
responses, or feedbacks in the climate system.To date, however, the
causes of past abrupt changes are not fully explained or understood.
In addition, present climate models fail to adequately capture the
magnitude, rapidity, and geographical extent of past abrupt changes.
Consequently, at this time climate models cannot be used with
confidence to estimate the potential for future abrupt changes
(NRC, 2002). Improved knowledge of the causes for abrupt
changes, and the ability to project their future probabilities, will
provide policymakers with an improved scientific basis to evaluate
risks of future abrupt changes and, as needed, to develop strategies
to reduce vulnerabilities. Major questions include:
• 4.3.1—How common are abrupt changes, based on paleoclimate

records?
• 4.3.2—What are the observational requirements needed to

resolve the spatial and temporal patterns of past abrupt changes,
and to answer questions about differences in timing of the
changes in different parts of the globe?

• 4.3.3—What are the primary natural mechanisms for producing
abrupt climate changes?

• 4.3.4—When might future abrupt changes be expected to
occur, and what would be the expected global and regional
manifestations of such changes?
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Question 4.3:What is the likelihood of abrupt
changes in the climate system such as the collapse of
the ocean thermohaline circulation, inception of a
decades-long mega-drought, or rapid melting of the
major ice sheets? 

a)

b)

Figure 4-5: The retreat of the South Cascade Glacier in Washington’s
Cascade Mountains shown in photographs from (a) 1928 and (b) 2000.
Since 1957, the glacier has retreated about 700 meters, losing about one-
fifth of its length and one-third of its volume. Source: USGS.
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• 4.3.5—What is the nature and extent of abrupt climate change
in the Holocene? Are these stochastic events or the result of
periodic forcing?

• 4.3.6—What is the potential for high-impact climate changes,
such as much drier and warmer summers over the mid-continents
of North America and Eurasia, accelerated Arctic warming, and
more intense coastal storm surges and coastal erosion due to
rising sea levels?

• 4.3.7—What would be the environmental consequences of
extreme warming in the Arctic, and what would be the expected
feedbacks on global climate?

Research Needs
Improved paleoclimatic data sets, expanded observing and monitoring
systems and rigorous paleoclimate modeling studies will be
required to identify the causes and mechanisms of past abrupt
changes. Efforts should be focused on key regions or phenomena
that may be especially vulnerable or contribute most strongly to
abrupt climate change, such as the tropics, the Arctic and Antarctic
regions, and the ocean thermohaline circulation. Significant
research into how to numerically model the full three-dimensional
circulation of the ocean will be required in order to accurately
project impacts and time scales for abrupt changes, which range from
interannual ENSO variability to centennial-millennial fluctuations in
the ocean circulation. Key research
needs include better understanding of
the relationships between abrupt change
and:
• Oceanic circulation, especially related

to deepwater formation
• Sea-ice transport and processes,

particularly where they interact with
deepwater formation

• Land-ice behavior, including conditions
beneath ice sheets

• Modes of atmospheric variability and
how they are altered by changes in
mean climate conditions

• The hydrological cycle, including
storage, runoff, and permafrost
changes.The Water Cycle research
element will provide studies and
modeling of cryosphere hydrological
processes to complement the efforts
of Climate Variability and Change to
address cryosphere-atmosphere-
ocean coupling and feedbacks.

Milestones, Products,
and Payoffs
Products
• Databases of drought and mega-

drought occurrences in North
America (Questions 4.3.1 and
4.3.6) [2-4 years].

• Online database of annual-to-decadal
resolution paleoclimatic time series
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and maps of Arctic climate variability over the past 2,000 years
(Questions 4.3.2, 4.3.6, and 4.3.7) [2-4 years].

• Improved understanding of thresholds and nonlinearities in the
climate system, especially for coupled atmosphere-ocean,
ocean thermocline and deepwater, hydrology, land surface,
biogeochemical cycle, and ice processes (Questions 4.3.3 and
4.3.5) [beyond 4 years]. Advances require cooperation with the
Water Cycle and Carbon Cycle research elements.

• Improvements in the accuracy, management, and synthesis of
paleoclimatic data that can be combined with instrumental
observations and climate models to address the nature and
likelihood of future abrupt climate changes (Questions 4.3.2
and 4.3.4) [beyond 4 years].

• Policy-relevant information of the state of understanding on the
causes of abrupt changes, and probabilistic estimates of future
risks of abrupt global and regional climate-induced changes,
including the collapse of the thermohaline circulation, persistent
ENSO conditions, and abrupt sea-level rises, in support of
national and international assessments (Questions 4.3.4 and
4.3.6) [2-4 years and beyond].

Payoff
• Increased use and effectiveness of paleoclimate data and analyses

of abrupt change to better inform environmental decisions and
adaptation strategies [4 years and beyond].

FY04 CCRI Priority -
Polar Feedbacks
The Climate Change Research Initiative
(CCRI) will leverage existing USGCRP
research to address major gaps in
understanding climate change. Polar
systems may be especially sensitive to
climate change and might provide early
indications of climate change as well as
interact with climate variability and change
through several important feedback
processes.

The CCRI will support research to
improve understanding of processes that
determine the behavior of slowly varying
elements of the physical climate system,
especially the oceanic and cryospheric
portions. Particular foci include the
processes by which ice-covered regions
of the high-latitude Earth behave, the
processes by which the distribution of
sea ice varies, and the way in which
knowledge of ocean circulation can be
enhanced through use of global observations
of ocean state and forcing parameters.
The development and testing of new

capabilities for measuring climatic
properties, such as ocean surface salinity,
mixed layer depth, and ice sheet thickness
will also be carried out.

The CCRI will support the obtaining of
systematic data sets for a limited number
of Earth system parameters such as ice
thickness, extent, and concentration in
the case of sea ice, and mass balance and
surface temperatures in the case of land
ice and snow cover. It will shortly enable
the initiation of regular observations of
ice-sheet thickness. Data assimilation
systems using satellite data that provide
for accurate, geophysically consistent
data sets will also be carried out through
this program.The polar feedbacks
research will also contribute to decision
support through cryospheric observations
and associated models that enable the
initialization and verification of climate
models, and the reduction in uncertainty
of model output.The models will also
provide real-time information for use by
the U.S. Navy and commercial maritime
interests in high-latitude regions.

CLIMATE VARIABILITY AND CHANGE

BOX 4-2 
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State of Knowledge
One of the highest priorities for decisionmakers is to determine
how climate variations, whether natural or human-induced, alter
the frequencies, intensities, and locations of extreme events (NRC,
1999a).There is now compelling evidence that some natural climate
variations, such as ENSO, PDV, and the NAO/NAM, can significantly
alter the behavior of extreme events, including floods, droughts,
hurricanes, and cold waves (IPCC, 2001a,b). Studies of long-term
trends in extreme events show that in many regions where average
rainfall has been increasing, these trends are evident in extreme
precipitation events (there continues to be debate on how to define
an extreme precipitation event). For other high-impact phenomena,
such as tropical storms/hurricanes, no compelling evidence yet
exists for significant trends in frequency of occurrence (IPCC,
2001a,b).

A question central to both short-term climate predictions and
longer term climate change is how climate variability and change
will alter the probability distributions of various quantities, such as
of temperature and precipitation, as well as related temporal
characteristics (e.g., persistence), and hence the likelihood of
extreme events (see Figure 4-6). A key challenge is to develop
improved methods for modeling or downscaling climate information
to the scales required for extreme event analysis (IPCC, 2001a).
Further, understanding of the processes by which climate variability
and change modulate extreme event behavior is incomplete. Major
research questions include:
• 4.4.1—What is the range of natural variability in extreme

events, by phenomena and region?
• 4.4.2—How do frequencies and intensities of extreme events

vary across time scales?
• 4.4.3—What are observed and modeled trends in extreme

events and how do they compare?

• 4.4.4—How are the characteristics of extreme events changed
by natural climate variations, for example, by ENSO, PDV,
NAO/NAM and SAM?

• 4.4.5—To what extent are changes in the statistics of extreme
events predictable?

• 4.4.6—How are behaviors of extreme events likely to change
over this century, and what are the mechanisms that would be
expected to produce these changes?

• 4.4.7—How can the emerging findings on climate-extreme
event links be best developed and communicated to evaluate
societal and environmental vulnerability and opportunities?

Research Needs
Progress in this area will require two key steps. First, it will be
necessary to advance scientific understanding and quantitative
estimates of how natural climate variations such as ENSO,
NAO/NAM, SAM, or PDV alter the probabilities of extreme events
(e.g., floods, droughts, hurricanes, or storm surges). Second, it will
be essential to improve understanding of how human-induced climate
change may alter natural variations of the atmosphere, ocean, land
surface, and cryosphere, and hence the behavior of extreme events
in different regions.

Key data requirements include the development of improved climate-
quality data and reference data sets and higher resolution model
reanalyses to support analyses of extreme event variability and
trends. High-resolution observations together with focused process
studies will be essential for scientific evaluation of regional model
simulations, especially in regions with significant topographic
variations, such as mountainous and coastal regions. Higher resolution
paleoclimatic data will also be necessary to improve descriptions
and understanding of how natural climate variations have in the past
altered drought, mega-drought, flood, and tropical storm variability
(see Question 4.3). Improving hydrological extreme event risk
estimates will require improved hydrological data sets and advances
in coupled climate-land surface-hydrology models (see Chapters 5,
6, 11, and 12).

Empirical and diagnostic research will be required to ascertain
relationships between natural climate modes, boundary forcing
mechanisms (e.g., SST variations, land surface and cryospheric
changes), and extreme events; to clarify the physical bases for these
relationships; and to evaluate the veracity of model simulations and
projections. Model sensitivity experiments will significantly advance
understanding of how natural climate modes, boundary variations,
and human-induced climate trends alter the probabilities of extreme
events. Further development of regional climate modeling and improved
downscaling techniques will be necessary to provide information at the
scales needed by resource managers and decisionmakers.

Continuing development of ensemble-based approaches, and the
capabilities to produce large ensembles from climate models, will
be essential in order to improve probability estimates of extreme
events for either short-term climate predictions or longer term
climate projections. Because extreme events can have societal and
environmental impacts, it will be essential to identify key climate
information needed to better anticipate and plan for such events
(see Question 4.5 and Chapters 9 and 11).
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Question 4.4: How are extreme events, such as
droughts, floods, wildfires, heat waves, and hurricanes,
related to climate variability and change?

Figure 4-6: Heavy rains and high surf from storms associated with the
1998 El Niño event produced severe erosion along the California coast,
leading to major property losses. Source: Paul Neiman, Environmental
Technology Laboratory, NOAA.
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Milestones, Products, and Payoffs
Products
• Improved observational databases, including paleoclimate and

historical data records, and model simulations of past climate to
detect and analyze regional trends in extreme events and to
assess whether changes in the frequencies of extreme events lie
within or outside the range of natural variability (Questions
4.4.1-4.4.3) [2-4 years and beyond].

• Observational and statistical analyses to assess the relationships
between extreme events and natural climate variations, such as
ENSO, PDV, NAO/NAM, and SAM (Question 4.4.4) [2-4 years
and beyond].

• Improved diagnostic capabilities to better interpret the causes of
high-impact climate events, such as droughts or unusually cold
or warm seasons (Question 4.4.4) [2-4 years and beyond].
– Aspects of this research require data, information, and analyses

of regional hydrological processes related to floods and
droughts, to be provided by the Water Cycle ressearch element.

• Assessments of potential predictability and forecasts of probabilities
of extreme events associated with natural climate variations
(Questions 4.4.4 and 4.4.5) [2-4 years and beyond].
– For floods and droughts, the Water Cycle research element

will focus on the role of hydrological feedbacks and the
predictability of extreme events on weather time scales.The
Climate Variability and Change research element will focus
on variations and changes that generate conditions favorable
for extreme events, assess the predictability of these events,
and develop products useful for applications (e.g., extreme
event outlooks) on seasonal and longer time scales.

• Documented impacts of climate extremes on regions and sectors,
and evaluations of the implications should climate change in the
future (Question 4.4.6) [2-4 years and beyond].

• Policy-relevant information on past variability and trends in
extreme events, and probabilistic estimates of possible future
changes in frequencies, intensities, and geographical distributions
of extreme events in support of national and international
assessments (Question 4.4.1 and 4.4.6) [2-4 years and beyond].

Payoffs
• Improved anticipation of and response to extreme climate events

(e.g., to reduce regional impacts of ENSO or more rapidly
respond to emerging droughts) [2-4 years and beyond].

• Increased understanding of and capabilities to project the
regional manifestations of extreme climate events, to provide a
sounder scientific basis for policymakers to develop strategies to
minimize potential vulnerabilities [beyond 4 years].

State of Knowledge
Research in this area focuses on making climate knowledge more
useful and responsive to the needs of decisionmakers, policymakers,
and the public. Climate information, when integrated together with
knowledge of non-climatic factors, can reduce costs and risks related

to climate variability and change while increasing management and
decisionmaking opportunities across a broad range of sectors, from
local and regional to global scales (NRC, 1999a; IPCC, 2001b).

For example, pilot efforts in sustained regional integrated science
research, such as the NOAA-supported Regional Integrated Science
and Assessments (RISA) projects, NASA Regional Earth Science
Application Centers (RESACs), and NOAA-supported International
Research Institute for Climate Prediction (IRI) for areas outside of
the United States, have provided opportunities to apply climate
information in decision processes in climate-sensitive sectors,
including agriculture, water, energy (e.g., hydropower), and forest
(wildfire) management. USEPA also sponsors regional science and
assessment projects. Finally, specialized entities outside the research
domain, such as state climatologists, regional climate centers, and
agricultural cooperative networks, have served as partners and
liaisons by identifying and communicating climate information
needs and requirements between the climate research and service
communities and a broad array of users.

With continuing population growth and increasing demands on
environmental resources, the need to more effectively identify,
develop, and provide climate information useful for society will
become ever more vital. Even in the absence of human-induced climate
changes, further research in this area provides new opportunities
for resource managers and policymakers to develop strategies to
reduce vulnerabilities to natural climate variability. Major questions
include:
• 4.5.1—What new climate information would provide the greatest

potential for benefits, for different regions and sectors?
• 4.5.2—How can climate information be best developed for use

in adaptive management strategies?
• 4.5.3—Can new climate indicators be developed to better

assess climate vulnerability and resilience in climate-sensitive
sectors such as agriculture, water, marine fisheries and other
environmental resources, transportation, and the built environment,
as well as other potential societal impacts (positive and negative),
including on human health? 

• 4.5.4—What are potential entry points and barriers to uses of
climate information?

• 4.5.5—How can access to and communication of climate data and
forecasts be improved in order to better serve the needs of the
public, scientific community, decisionmakers, and policymakers?

Research Needs
In recent reports the National Research Council (NRC) identifies
the “region” as a key scale for decisionmaking, and stresses the critical
need to improve regional scientific capabilities and user interactions
to better inform such decisions (NRC, 1999a, 2001e). As these
reports emphasize, the impacts of climate variability and change
will continue to be felt most directly at regional to local scales—for
example, within natural boundaries associated with coastlines,
mountains, or watersheds, within the context of demographics,
ecosystems, and land use, and within the context of its economic
and technological wherewithal. A central goal of research over the
next decade will be to improve capabilities to identify, develop, and
deliver climate information at regional to local scales in order to
better meet societal needs.
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Question 4.5: How can information on climate
variability and change be most efficiently developed,
integrated with non-climatic knowledge, and
communicated in order to best serve societal needs?

 




