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Foreword

In February 2002 Presdent George W. Bush announced the formation of a new management
structure, the Climate Change Science Program (CCSP), to coordinate and direct the US
research effortsin the areas of climate and globa change. These research efforts include the US
Globa Change Research Program (USGCRP) authorized by the Globa Change Research Act
of 1990, and the Climate Change Research Initiative (CCRI) launched by the Presdent in June
2001 to reduce sgnificant uncertainties in climate science, improve globa dimeate observing
systems, and develop resources to support policymaking and resource management.

The Presdent’ s Climate Change Research Initiative was launched to provide adigtinct focusto
the 13-year old Globa Change Research Program. The CCRI focus is defined by a group of
uncertainties about the globa climate system that have been identified by policymakers and
andyzed by the National Research Council in a 2001 report requested by the Administration.

The Climate Change Science Program aims to balance the near-term (2- to 4-year) focus of the
CCRI with the breadth of the USGCRP, pursuing accel erated development of answers to the
scientific aspects of key climate policy issues while continuing to seek advancesin the
knowledge of the physica, biologicd and chemical processes that influence the Earth system.

Thisdiscussion draft Srategic plan has been prepared by the thirteen federa agencies
participating in the CCSP, with input from alarge number of scientific steering groups and
coordination by the CCSP staff under the leadership of Dr. Richard H. Moss, to provide a
vehide to facilitate comments and suggestions by the scientific and stakeholder communities
interested in climate and global change issues.

We welcome comments on this draft plan by dl interested persons. Comments may be
provided during the US Climate Change Science Program Planning Workshop for Scientists
and Stakeholders being held in Washington, DC on December 3 — 5, 2002, and during a
subsequent public comment period extending to January 13, 2003.  Information about the
Workshop and the written comment opportunities is available on the web site
www.climatescience.gov. A specialy formed committee of the National Research Council is
a0 reviewing this draft plan, and will provideits andyss of the plan, the workshop and the
written comments received after the workshop. A find verson of the drategic plan, setting a
path for the next few years of research under the CCSP, will be published by April 2003. We
appreciate your assstance with this important process.

James R. Mahoney, Ph.D.
Assstant Secretary of Commerce for Oceans and Atmosphere, and
Director, Climate Change Science Program
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CHAPTER 1

INTRODUCTION

CLIMATE AND GLOBAL CHANGE:
IMPROVING CONNECTIONS BETWEEN
SCIENCE AND SOCIETY

This chapter’s contents...

1. The Issues for Science and Society
2. The Research Program

3. Guiding Principles for the CCSP

4. The Research Strategy

Scientists recognized the existence of anaturd “ greenhouse effect” and the possibility of human-
induced changes in the Earth’s dlimate and environment as early as the 19" century and, over
time, this possibility has become widely accepted. In the last decades of the 20™ century, public
debate about the contribution of human activities to observed climate change and potentia
future changes in climate, and about courses of action to manage risks to humans and the
environment, has been active and frequently contentious. These debates cover arange of both
science and policy issues, including the extent to which globa temperatures have in fact
changed; whether most of the observed overdl change in temperature of the last 50 yearsis
atributable to human activities (principaly the burning of foss| fuels and changesin land cover);
how much climate might change in the future; and whether proposed response Strategies, such
as reductions in emissions or efforts to enhance natural carbon sequestration processes, would
produce economic or other effects more detrimentd than the effects of climate change itsdf.

Science-based information is required to inform public debate on the wide range of dimate and
globa change issues necessary for effective public policy and stewardship of natural resources,
induding:

- How much have cdlimate and other aspects of the Earth system changed since the
industria revolution, and how do recent rates and levels of change compare to those
that resulted from the Earth’ s Sgnificant dimate variability in more digtant higtorical
periods?

Draft Date: November 19, 2002 4
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What are the relative roles of naturd and human-induced forcesin bringing about
change, and how might humartinduced and natural forces interact in the future?

How has the climate system responded to both natural and human-induced forces, and
how might it respond to potentia future forcing?

What is the sengitivity of naturd and managed ecosystems to climate and other globd
changes, and how will sengitive systems be affected by dimate variability and changesin
the future?

What are the projected costs and effects of different potential response strategiesto
manage the risks of long-term climate change?

Deveoping the needed information will require addressng awide-ranging set of fundamentd
science questions, significantly improving observations and data management, and implementing
highly credible and transparent mechanisms for conveying research resultsin ways thet are
useful for decisonmakers and the public.

1. The Issues for Science and Society

Environmenta systems on Earth are changing congtantly. The climate sysem is highly variable,
with conditions varying significantly over the span of seasons, years, decades, and longer
timescales. Fluctuations in the amount of energy emitted by the Sun, dight deviationsin the
Earth’s orbit, volcanic injections of gases and particlesinto the atmosphere, and natural
variations in ocean temperatures and currents, al cause variability and changesin climate
conditions.

Againg the backdrop of these natural forces, humans have become agents of environmental
change, at least on timescales of decades to centuries, even asliving sandards for billions of
people have improved tremendoudy. Emissions of greenhouse gases and pollutants and
extensive changes in the land surface (both tied to widespread development of modern living
dandards) have potential consegquences for globa and regiond climate. They dso influence air
qudlity, the Earth’ s protective shield of stratospheric ozone, the distribution and abundance of
water resources and many plant and anima species, and the ability of ecosystems to provide
life- supporting goods and services.

The chalengeisthat discerning whether human activities are causing observed climatic changes
and impacts requires detecting a smal, decade- by-decade trend against the backdrop of wide
temperature changes that occur on shorter timescales (seasonsto years). A sound base of
observations, aswdl as a solid understanding of how the Earth’s environmental systems
respond to different natural and human forces, is essentia to detecting and attributing dimeate
change to any specific cause. Currently, measurements taken at the Earth’ s surface, in various
layers of the amosphere, in boreholes, in the oceans, and in other environmenta systems such
as the cryosphere (frozen regions) indicate that the climateiswarming. Further, in Climate
Change Science: An Analysis of Key Questions (NRC, 20014), the National Research

Draft Date: November 19, 2002 5
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Council (NRC), the operational arm of the National Academy of Sciences (NAS), concluded
that “the changes observed over the last severd decades are likely mostly due to human
activities, but we cannot rule out that some significant part of these changesis dso areflection of
natura variability.” The NRC report eaborates on this point:
“Because of the large and gtill uncertain leve of naturd variahility inherent in the dimate
record and the uncertainties in the time histories of the various forcing agents (and
particularly aerosols), a causal linkage between the buildup of greenhouse gasesin the
amosphere and the observed dimate changes during the 20™ century cannot be
unequivocaly established. The fact that the magnitude of the observed warming islargein
comparison to naturd variability as smulated in climate models is suggestive of such a
linkage, but it does not congtitute proof of one because the modd smulations could be
deficient in naturd variability on the decadd to century time scale. The warming thet has
been estimated to have occurred in response to the buildup of greenhouse gasesin the
atmosphere is somewhat greater than the observed warming. At least some of this excess
warming has been offset by the cooling effect of sulfate aerosols, and in any case one should
not necessarily expect an exact correspondence because of the presence of natural
vaiability.”

Apparently contradicting the evidence of warming are inconsstencies in the observationa
record, particularly related to the differences between temperature trends measured at the
surface and measurements taken from satellite observations of the lower- to mid-troposphere,
which show no significant warming trends in the last two decades of the 20" century.
Reconciling these differences and improving observationd capabilities remains an important
chdlenge with sgnificant potentia implications for decisonmaking.

But the issues extend beyond those of “detection and attribution” to projecting how climate and
other related environmenta conditions could changein the future. Confidence in such
projectionsistied to knowledge of basic climate processes and naturd variability, the ability of
climate moddl s to represent accurately these processes, and the ability of models to represent
interactions of natural processes and any human-induced changes in the climate system.

Improving the capability to project future climate conditions would be of significant economic
and socid vaue. Congder, for example, the benefits of improved forecasts of the onset of the
El Nifio-Southern Oscillation (ENSO). ENSO is alarge-scae dimate oscillation in the
equatoria Pacific Ocean that changes phase every few years. Its effects reverberate through
the globa climate system to affect precipitation and temperature in many regions of the world.
Armed with a basic understanding of the processes involved, scientists intensified systemétic
observations and improved their models, and by the late 1990s could successfully forecast
some conditions monthsin advance. While much additiona work is required to improve ENSO
forecasts, some climatic features can now be accurately predicted, with sgnificant societd
benefits. In the United States, decisonmakers are able to better estimate energy requirements,
prepare for ssorms, manage water resources, anticipate where damage recovery efforts will be
required, and foresee other potentia impacts. In countries in South America, Africa, and other
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regions of the world, resource planners and managers are gpplying mode results to develop
agricultura plans, anticipate potential food surpluses and shortages, and prepare for other
impacts. Such planning has dready reduced suffering and saved crops that would have
otherwise been lost to drought and other ENSO effects.

Improving the ability to project long-term trends in climate and related conditions isimportant to
understanding the effects of different types and amounts of natura and human forcing, such as
that due to different levels of greenhouse gas and aerosol emissons. Therefore, anticipating
how paossible future forcing could affect the climate requires development of complex computer
models that incorporate the many features of the climate system and their interactions. Such
models have been under congtruction for decades, and require ongoing observations and
research into basic processes to fuel their continued improvement. Already, large-scale features
of climate can be smulated, but many sgnificant uncertainties remain to be addressed. Current
models project significantly different increases in the globa average surface temperature, from
approximately 1°C during the 21¥ century to more than 5°C during the same period. Thisrange
of uncertainty incorporates both different estimates of climate sengtivity (theincreasein
temperature that results from a doubling of atmospheric concentrations of carbon dioxide
(CO,)) and awide rangein projections of future greenhouse gas emissons. Reducing
uncertainty in climate models will involve improving understanding of therole of cloudsin
different parts of the atimaosphere; improving characterization of the circulation and interaction of
energy in the amosphere and oceans, improving understanding of the Earth’s natura carbon
cycle; developing more detailed representations of features of and feedbacks from the land
surface; incorporating additiond types of forcing agents (e.g., “black carbon”); and making
progress on other fundamenta challenges. Improved projections of climate changes on decada
or longer timescaes are dso important for many areas of planning and resource management
where decisions made today have implications for decades to come. However, at this point,
modded projections of the future regiond impacts of globd climate change are often
contradictory and are not sufficiently reliable tools for planning.

Even if the scientific community were to develop a* perfect” modd of the globa climate, it
would not be possble to predict the level and rate of future changes in climate resulting from
human activities. Thisis because these activities are not predetermined, but rather depend on
human choices, which will, in turn, affect future climate conditions. The activitiesin question—
energy-related emissons of greenhouse gases, changing the surface of the land through clearing,
conversion, and growth of different land covers; and the release of chemicas (both natural and
human made) that dter the productivity of the land and the oceans—all depend on amore basic
set of human driving forces. These include population growth, living standards, characterigtics
of technology, and indtitutions (e.g., market conditions). While we cannot predict these
conditions, we can use a different set of modelsto project the dimatic and environmenta
consequences of different combinations of basic human driving forces. These models are useful
for performing “If..., then...” scenario experiments that make it possible to begin to explore the
potentia implications of different technologica and ingtitutiona conditions for future emissons,
climate, and living standards.

Draft Date: November 19, 2002 7
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Improving our ability to project potentid future variations and changesin climate and
environmenta conditions, subject to assumptions about naturd and human forcing, could engble
governments, businesses, and communities to reduce damages and seize opportunities to benefit
from changing conditions by adapting infrastructure, activities, and plans. But redizing this
potentia will require sustained research and improved understanding of the interactions among
climate, naturd and managed environmentd systems, and human activities. Scientific research
needs to address arange of issues, including:

- How might changesin climate, chemidry (eg., the CO, “fertilization effect” (increased
plant growth due to higher atmospheric CO, levels)), nitrogen deposition, and
disturbance (e.g., fire, pest infestations) affect the water use efficiency, biomass
alocation, and compaosition of natura and managed ecosystems over long periods of
time?

What is currently happening to ice sheets, seaice, and permafrogt, and what are the
climatic, economic, trade, and strategic implications of future changes?

How could climate change and sealevel rise affect sediment flows, tides, waves, and
biologica functions of coastdl areas?

How readily can adaptation take place in different natura and socio-economic systems?

Research on such questions as these, and on development of adaptation options that are useful
regardless of the origins of observed changes, will help clarify the importance of variations and
potential changes in climate for the environment and society, and potentialy broaden
opportunities for management of risks and redization of benefits.

The complexity of the Earth’ s environmentd systems, the unique conditions that they provide for
life, and the state of these systems, including potentid impacts on society, make climate and
globd change among the most important issues for our generation, and perhaps for generations
to come. Givenwhat is a stake, the Nation and the international community need the best
possible science to inform public debate and decisonmaking in government and the private
sector.

2. The Research Program

In February 2002, President George W. Bush announced the formation of a new management
structure, the Climate Change Science Program (CCSP), to coordinate and provide direction to
US research effortsin the areas of climate and globa change.  These efforts include the US
Globa Change Research Program (USGCRP), which began as a Presidentid initiative in 1989
and was codified by Congress in the Globa Change Research Act of 1990 (P.L. 101-606),

and the Climate Change Research Initiative (CCRI), which was announced by the President in
June 2001 to reduce significant uncertaintiesin climate science, improve globd cimate
observing systems, and develop resources to support policy- and decisonmaking. Departments
and agencies of the US Government that participate in the CCSP include the Departments of

Draft Date: November 19, 2002 8
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Agriculture, Commerce (the Nationa Oceanic and Atmaospheric Adminigtration and the
Nationa Indtitute of Science and Technology), Defense, Energy, Hedlth and Human Services,
Interior (US Geologicd Survey), State, and Transportation; the US Environmenta Protection
Agency; the Nationd Aeronautics and Space Administration; the Nationa Science Foundation;
and the Smithsonian Indtitution. The Office of Science and Technology Policy, the Council on
Environmental Qudity, and the Office of Management and Budget provide oversight on behdf
of the Executive Office of the President.

The CCRI provides adistinct focus to the overal research program. Thisfocusis defined by a
set of uncertainties about the globa climate system that have been identified by policymakers
and analyzed by the NRC (NRC, 2001a). Areas addressed in the NRC report include climate
observations, aerosols, North American carbon sources and sinks, climate feedbacks and
moddling, scenarios of human-induced forcing, and development of methodologies for risk
management. The CCRI is described more completely in Part | of this draft strategic plan.

The CCRI accelerates key areas of research that have been under development over the past
thirteen yearsin the USGCRP. Over this period, the United States has made alarge scientific
invesment—totaling amost $20 hillion—in the areas of dimate change and globa change
research. With these resources, research programs supported by the agencies that participate
in the USGCREP, in collaboration with severd other nationd and international science programs,
have mounted extensive space-based, surface, and in situ (at fixed stes) sysemsfor globd
observations and monitoring of climate and ecosystem variables, have documented and
characterized severa important aspects of the sources, anks, abundances, and lifetimes of
greenhouse gases, have begun to address the complex issues surrounding various aerosol
pecies that may sgnificantly influence dimate; have advanced our understanding of globa water
and carbon cycles (but with mgor remaining uncertainties); and have developed severa
gpproaches to computer modding of globa climate. The program has been a comprehensive,
interagency collaboration that has facilitated scientific discovery. Program results have revedled
and addressed many of the complex interactions of climate and other environmenta systems,
and have started to lay the foundation for understanding the relationships between natura
variability and human activities that may contribute to change. US researchers have devel oped
fundamentd insghts into how the climate and Earth sysem functions: ingghts thet are
incorporated into advanced models throughout the world. The USGCRP is described more
completdy in Part |1 of this draft srategic plan.

CCSP s management will balance the CCRI’ s near-term focus on climate change with the
USGCRP s breadth, creating a program that both accel erates development of answersto
scientific aspects of key climate policy issues and supports advances in knowledge of the
physicd, biologicd, and chemica processes that influence the Earth syssem. This breadth is
required to continue improving our understanding of the complex interrelationships among a
broad set of systems that regulate climate and the globa environment, as described in NRC's
semind report, Global Environmental Change: Research Pathways for the Next Decade
(NRC, 1999a). The Pathways report lays out aframework of research questions that has

Draft Date: November 19, 2002 9
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sgnificantly influenced the development of this strategic plan. Other reportsissued by severd
boards, committees, and panels of the NRC have advised the USGCRP on specific aspects of
climate and globa change research and have influenced specific components of its research
drategy. Indeed, the program has benefited from extengve interaction with the NRC, which is
responsible for evaluating the USGCRP periodicaly for scentific merit.

Research carried out under the auspices of the CCSP addresses adiverse set of topics

induci

ng:

Improving the understanding of the driving forces of dimate and globa change, including
natura forces such as solar variability and human forces such as changesin land cover
and emissons of greenhouse gases and agrosols,

The amosphere and itsrole in integrating climate forcing factors, induding the roles of
emissons of different aamospheric condituents;

The dimate system, which is regulated by complex interactions among its atmospheric,
oceanic, and land surface components, which oscillates on time scales from seasons to
decades; and which has experienced rgpid and significant levels of change in the past
(based on evidence from paeoclimate research);

Changesin clouds in different parts of the atmosphere and their potentia either to
dampen or accelerate climate change, and dterationsin other aspects of the “water
cycle’ of evaporation, precipitation, and storage that affect water resources,

The “carbon cycle,” which transfers carbon among different reservoirsin the
atmosphere, on land, and in the oceans, and affects the amount of CO, emitted from
human activities that remains in the amaosphere;

Natura and managed ecosystems, which can dampen or accelerate forcing of climate
change through their regulation of fluxes (flows) of carbon and nitrogen between soils
and the atmosphere, and which condtitute the Earth’ s basic life support system and are
sengtive to changesin climate, atmospheric, and other conditions;

The potentia impacts of globa change on human activities and hedlth, and andysis of
different courses of action that are available to manage risks and redize benefits, and
The potentid role of developing and recently-devel oped technologies in reducing net
greenhouse gas emissions in the short and long term, including consderations of codts,
effectiveness, and both intended and unintended consequences (in association with the
Climate Change Technology Program, which has responsbility for research and
development of engineered technologies for reducing and sequestering (storing)
greenhouse gas emissions).

The challenge: By investigating atargeted yet comprehensive set of questions, the CCSP seeks
to focus attention on key climate change issues that are important for public debate and
decisonmaking, while maintaining sufficient breedth to facilitate the discovery of the unexpected.
Egtablishing a careful balance between focus and breadth is essentid if scientists are to develop
knowledge of the interactions between naturd variability and potentid human impacts on the
Earth sygem. Thisisan important management issue for the program and is a prerequisite for
making as effective and productive use as possble of the sgnificant resources dlocated to this

Draft Date: November 19, 2002 10
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purpose. Edtablishing this baance, and arationa sequencing of research priorities and
potentias, will require input from both decisionmakers and the science community.

3. Guiding Principles for CCSP

To fulfill its misson as the publicly sponsored research program addressing climate change

issues for the United States, the CCSP must continuoudy adhere to three guiding principles that

underpln the objectivity, integrity, and usefulness of its research and reporting:
The scientific analyses conducted by the CCSP are policy relevant but
not policy driven. CCSP scientific analyses (including measurements, models,
projections, and interpretations) are directed toward continualy improving our
understanding of climate, ecosystems, land use, technologica changes, and their
interactions. In developing projections of possible future conditions, the CCSP
addresses questions in the form of “If..., then...” andyses. Policy and resource
management decisions are the responghility of government officas who must integrate
many other congderations with available scientific information.
CCSP analyses should specifically evaluate and report uncertainty. All
of science, and dl decisonmaking, involves uncertainty. Uncertainty need not be a
bass for inaction; however, scientific uncertainty should be carefully described in CCSP
reports as an aid to the public and decisonmakers.
CCSP analyses, measurements, projections and interpretations should
meet two goals: scientific credibility and lucid public communication.
Scientific communications by the CCSP must maintain a high sandard of methods,
reporting, uncertainty anaysis, and peer review. CCSP public reports must be carefully
developed to provide objective and useful summaries of findings.

4. The Research Strategy

This draft strategic plan for the CCSP, incorporating both the USGCRP and the CCRl, is built
around a carefully constructed set of questions and objectives for each of the mgjor areas of the
program. Primary research questions that focus on broad science issues are supported by more
detailed questions and objectives that can be addressed in specific research initiatives and
projects. For each mgor question addressed, the strategy includes avery brief description of
the state of knowledge, subsidiary questions, descriptions of products and deliverables,
information on activities and infrastructure needed to make progress, and the benefits or
“payoffs’ from research. For each mgjor program area, linkages to important nationd and
internationa research activities are also described.

The drategy for each mgor area of the program is described more fully in an accompanying set
of white papers, which address these issues in greater depth.

Draft Date: November 19, 2002 11
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Both the summary and the white papers should be considered as drafts subject to substantia
revision through public comment and independent review by the NAS.

Following this introduction, Part | of the plan describes the components of the CCRI. These
are organized into three broad programmatic aress.

Research focused on key climate change uncertainties,

Climate qudity observations, monitoring, and data management; and

Resources for decision support.

Part 11 of the plan describes mgor research questions about how the components of Earth’'s
environmenta system function, how the syssem may change in response to human and naturd
forcing, and what the implications of these changes may be for avariety of human activities and
natural environments and resources. The specific topics addressed include:
- Atmospheric composition;

Climate variahbility and change;

The globa water cycle;

The globd carbon cycle;

Ecosysems,

Land use and land cover change;

Human contributions and responses to environmenta change; and

Grand chalenges in modding, observations, and information systems.

Part 111 of the plan describes communication, cooperation, and management issues that cut
across dl aress of the program, including:

Reporting and outreach,

International research and cooperation; and

Program management and review.

References:

NRC, 1999a. Committee on Globa Change Research, National Research Council, Global
Environmental Change: Research Pathways for the Next Decade (Washington, DC:
Nationd Academy Press).

NRC, 2001a. Nationad Research Council, Committee on the Science of Climate Change,
Climate Change Science: An Analysis of Some Key Questions (Washington, DC: Nationa
Academy Press).
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OVERVIEW OF THE
CLIMATE CHANGE RESEARCH INITIATIVE

In May 2001, the Administration requested the National Academy of Sciences (NAS) to
review the Third Assessment Report of the Intergovernmental Panel on Climate Change
(IPCC, 2001) and recommend research priorities to reduce uncertainties in climate science.
The resulting report, Climate Change Science: An Analysis Of Some Key Questions (NRC,
20018a), includes the following (summarized) recommendations:
- Reduce the range of uncertainty in climate change projections by pursuing major
advances in the understianding and modeling of:
0 Thefactorsthat determine atimospheric concentrations of greenhouse gases and
aerosols; and
0 Theso-cdled "feedbacks' that determine the sengtivity of the climate systemto a
prescribed increase in greenhouse gases.
Ensure the existence of along-term monitoring system that provides a more definitive
observationa foundation to evaluate decadd- to century-scale changes, including
obsarvations of key state variables and more comprehensive regiona measurements of
climate and greenhouse gases.
Enhance the research enterprise that seeks to improve our understanding of the
interactions between the environment and society, including support of:
0 Interdisciplinary research that couples physica, chemicd, biological and human
systems,
o Animproved capability to integrate emerging scientific knowledge, and its significant
uncertainty, into improved decision support systems; and
0 Research a theregiona and sectord level that promotes analysis of the response of
human and natural systems to multiple stresses.

Following this request to the NAS, on June 11, 2001, Presdent Bush announced the
establishment of the US Climate Change Research Initiative (CCRI) to study aress of
uncertainty and identify priority research areas where investments could make a difference. The
President directed the Secretary of Commerce to set priorities for additiond investmentsin
climate change research, review such investments, and to improve coordination among federa
agencies. He committed resources to build climate observation systems and proposed joint
ventures with internationa partners to devel op state- of-the-art climate mode's to improve our
limited understanding of the causes and impacts of climate change.

The CCRI was developed in collaboration with the US agencies involved in climate and globa
change research, taking into account the NRC recommendations, and is meant to enhance the
ongoing research activities of the US Globa Change Research Program (USGCRP). The
proposed CCRI research initiatives emerged from a common understanding of key research
needs, including those priority areas dready identified by the USGCRP.

Draft Date: November 19, 2002 14



O o0 ~NO UL WNPE

PUYRYNRENRNNNNNNB B R R R SRS
WNNPRPOOONODUTRWNRPRPOOWONOODUNWNERO

35

36
37
38

39
40
41

DRAFT

The resuting CCRI represents afocusing of resources and enhanced interagency coordination
of ongoing and planned research into those elements of the USGCRP that can best support
improved public discusson and decisonmeaking in the near term. In particular, the god of the
CCRI isto measurably improve the integration of scientific knowledge, including measures of
uncertainty, into effective decison support systems and resources. Whereas the USGCRP
represents an important long-term investment, the CCRI programs will produce ddiverables
useful to policymakersin a short time frame (2-4 years). To meet these godls, the CCRI aims
tor

Supplement ongoing USGCRP e ements where additiona effort would rapidly lead to

critical decison support informetion;

Enhance and integrate observation, monitoring, and data management systems to

support climate process and trend anadyses, and

Provide structured information that can inform policy and decisionmaking, including the

use of best available models to address important uncertainties about climeate change

and development of the range of plausible scenarios for drivers of climate change.

To beincluded in the CCRI, a program must both produce significant decision or policy-
relevant ddiverables within a short timeframe; and contribute substantively to one or more of the
following activities
- Address key and emerging climate change science areas that offer the prospect of
sgnificant improvement in understanding of climate change phenomena, and where
accel erated development of decision support information is possible.
Optimize observations, monitoring, and data management systems of “climate quality
daa’ (“Climate quality data’ are required for historical perspective, trend andysis,
process eva uation, and mode development and calibration. These data have particular
characterigtics including high qudity, homogeneity, and continuity; and the availability of
full documentation with respect to their technical characteridtics).
Develop decision support resources including scenarios and comparisons,; quantification
of the sengtivity and uncertainty of the climate system to naturd and anthropogenic
(human-cauised) forcings through the implementation and gpplication of modds; and
gructured information for nationd, regional, and local discussions about possible global
change causes, impacts, benefits, and mitigation and adaptation strategies.

References:

IPCC, 2001. Intergovernmental Panel on Climate Change, Climate Change 2001. Third
Assessment Report of the IPCC. (Cambridge, United Kingdom, and New Y ork: Cambridge
Univergty Press). Includes.

IPCC, 2001a. The Scientific Basis, a contribution of Working Group I.
IPCC, 2001b. Impacts, Adaptation, and Vulnerability, acontribution of Working
Group I1.
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IPCC, 2001c. Mitigation, a contribution of Working Group I11.
IPCC, 2001d. Synthesis Report. A Contribution of Working Groupsl, 11, and 111

NRC, 2001a. Nationd Research Council, Committee on the Science of Climate Change,
Climate Change Science: An Analysis of Some Key Questions (Washington, DC: Nationa
Academy Press).
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CHAPTER 2

RESEARCH FOCUSED ON
KEY CLIMATE CHANGE UNCERTAINTIES

This chapter’s contents...

1. What aerosols are contributing factors to climate change and what istheir relative
contribution to climate change?

2. What are the magnitudes and distributions of North American carbon sources and sinks, and
what are the processes controlling their dynamics?

3. How much of the expected climate change is the consequence of feedback processes?

The Climate Change Research Initiative (CCRI) will address key and emerging climate change
science areas that offer the prospect of sgnificant improvement in understanding of climate
change phenomena, and where accelerated development of decison support information is
possble. The purpose of CCRI accelerated science activities is to enhance the ongoing US
Globa Change Research Program (USGCRP) dements described in Part 11 where focused
effort would rapidly lead to critical decison support information. At the request of the
President, the National Research Council (NRC) identified "the areas in the science of dimate
change where there are the greatest certainties and uncertainties,” (NRC, 2001&). This section
outlines three key areas where the CCRI will address the specific uncertainties identified by the
NRC, including: atmaospheric concentrations of aerosols (see aso Chapter 5); North American
carbon sources and sinks (see dso Chapter 9); and climate feedbacks and climate system
sengitivities (see a'so Chapters 5, 6, and 7).

1. What aerosols are contributing factors to climate change and what
is their relative contribution to climate change?

Aerosols play aunique rolein the Earth’ sradiation (energy) budget, and scientists believe they
play alarge part in global and regiond climate changes. However, because aerosols have a
relatively short atmospheric resdence time, have a spatialy and temporally heterogeneous (non
uniform) distribution, and include a complex mixture of substances from numerous sources (e.g.,
black carbon, sulfate), there are substantial uncertaintiesin quantifying their role.

Draft Date: November 19, 2002 17
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The Climate Change Science Program (CCSP) plan in Chapter 5 and the Nationa Aerosol-
Climate Interactions Program plan (NACIP, 2002) emphasize the importance of characterizing
the digtribution of all mgor aerosol species and their spatia and tempora varighility, the
separate contributions of aerosols from various anthropogenic activities and natura sources, and
the processes by which the separate sources are linked to the global distribution of aerosols and
their radiative characteridtics.

Enhanced aerosol-climate research is needed to ddliver focused information within 2-4 years
that would be hdpful in quantifying the role of aerosolsin regiond and globd climate changein
decisonreevant terms. The following research emphases will dlow more meaningful
assessments and projections, with afocus on decisonrelevant products by 2006.

RESEARCH NEEDS
Strongly intengty efforts to determine the composition of organic aerosols and develop
ampler instruments for measurement of carbon-associated aerosols by class.
Establish redigtic aerosol and precursor source-strength estimates for specific aerosol
compostions for theindudtria era
Enhance fidd and laboratory studies of the processes that influence aerosol distributions
and characteridtics, including those involved in indirect (e.g., cloud) effects.
Develop aerosol chemigtry/transport models and carry out smulations for aerosol
source-strength scenarios.
Compare smulations of past aerosol compositions to records such asice, bog, and lake
core data
Focus on comparing the geographic and height dependence of smulated aerosol
digtributions and radiative characteristics againgt field and compositionspecific (e.g.,
polarimetric) satellite data, with an emphasis on regions that can best test the relichbility
of current modd smulations (e.g., usng the extensve North American emisson data
base).
Emphasize comprehensive dimate-response smulaions including the direct and indirect
effects of aerosols, with an emphasis on placing bounds on the indirect effects and on
the degree to which smulations of past conditions match observations.

PRODUCTS AND PAYOFFS
Improved globa aerosol climatology, including regiond distribution by maor aerosol
type (e.g., black carbon) and radiative properties, which will provide updated and more
reliable input to climate modds.
Empiricaly vaidated assessment of the capabilities of current modelsto link emissons
of aerosols and their precursorsto aerosol distributions and the warming/cooling
properties of aerosols, which will help quantify the uncertainties in Smulating the
response of radiative forcing to potentia emisson changes.
Improved assessment and attribution of observed climate changes, with better
quantitative links between climate change and strong regiona forcing, such as aerosols
and tropospheric ozone.

Draft Date: November 19, 2002 18
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Improved overall assessment of the climate effects of aerosols and clouds, compared to
the benchmark of the Intergovernmental Pandl on Climate Change (IPCC) Third
Assessment Report (IPCC, 2001).

Vitd quantitative support for the suite of CCRI "If..., then..." climate scenarios and
options that are planned as decision support tools, including better estimates of the
uncertainties associated with the scenarios.

Information on potentia options for obtaining changesin dimate forcing via changesin
the aerosol forcing, which, smilar to those for tropospheric ozone, might be achieved
more rapidly than by changing carbon dioxide (CO,) forcing because agrosols have a
shorter resdence time in the amosphere.

Quantitative information on how changes in aerosol-related emissions associated with
ar quality decisons have and/or will impact the radiative forcing of climate change,
thereby dlowing multiple issues to be more effectively addressed.

2. What are the magnitudes and distributions of North American
carbon sources and sinks, and what are the processes controlling their
dynamics?

Intensive research to quantify and explain the processes controlling North America s carbon
sources and sinks is a near-term priority. Acceerated research within the overall framework of the
North American Carbon Program (NACP) will address fundamental questions rdlating to the
buildup of CO, and methane (CH,) in the atmosphere, and the fraction of fossil-fuel carbon being
taken up by North America s ecosystems and coastal oceans.

Investments over the past decade have resulted in an unprecedented opportunity to study the
carbon cycle over ascae not previoudy attempted—that of continents and ocean basins.
Observationa capatiilities such as the US forest and soil inventories, flux and tall tower
networks, Atlantic and Pacific ocean time series and ships of opportunity, and vegetation and
ocean color remote sensing have dl contributed to a better understanding of components of the
carbon cycle for North America and adjacent ocean basins. Current estimates of regiona
distributions of carbon sources and sinks derived from atmospheric and oceanic data and
models differ from forest inventory and terrestrid ecosystem modd estimates.  Scientific
understanding has now progressed to the point where targeted investments can yield mgor
returns within five years. The CCRI will accelerate the observationa, experimentd, andyticd,
and data management activities needed to address uncertainties, reduce errors, and produce a
consgtent analysis of carbon sources and sinks for North America

RESEARCH NEEDS

Theintegrated NACP requires enhanced observational networks and improved monitoring
techniques; studies of key controlling processes and resource management regimes that regulate
carbon storage and fluxes, modding that integrates among atmospheric, land, ocean, and human
systemns; and periodic reporting. Priorities for an accelerated initia phase are:
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Strengthening exigting carbon measurement networks; including augmenting flux and
biometric measurements a existing agriculture, rangeland, and forest Stes and adding
new coastal ocean carbon surveys,

Deveoping and improving in situ carbon measurement Sensors,

Deveoping innovative diagnostic modding frameworks and model- datafusion
gpproaches to assure that data are analyzed promptly and efficiently;

Optimizing nationd inventories for carbon accounting;

Improving databases of foss fuel use, land use and land cover, and land management;
and

Deve oping remote sensing technologies for measuring atmospheric CO,, CH,, and
carbon monoxide and aboveground biomass.

An intengve regiond-scae field program is needed and could begin as early as 2004. 1t will
require in situ observations and process sudies, intensive arcraft and remote sensing surveys,
enhanced inventories, and modeling. It isaso needed as atest bed for subsequent continent-
wide implementation of the NACP. The NACP will leverage existing agency research
activities and observationa programs, but will require additiond targeted invesmentsto
achieve the desired near-term results.

PRODUCTS AND PAYOFFS
A quantitative andyss of North American carbon sources and sinks, describing land,
ocean, atmosphere, and human systems, will be ddivered. Uncertaintiesin estimates of
carbon sink capacity and longevity will be reduced.
A prototype State of North American Carbon Report will be produced based on a
synthesis using existing data and models (2 years); amore comprehensive report,
including results from an accderated fidd program and integrated carbon models, will
also be produced (4 years).
Demondtration and eva uation of measurement approaches for carbon accounting.

Accderated research within the NACP will provide near-term information for decison support,
scenario andys's, and carbon management. Results of this research will aso establish the
scientific underpinning needed to evauate carbon management in US croplands, forests,
rangelands, soils, and coasta systems and to support analyses of greenhouse gas trends and net
emissonsintensty. These resultswill contribute to decision analysis of the impacts of various
resource management policies.
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3. How much of the expected climate change is the consequence of
feedback processes?

WHAT IS THE CONTRIBUTION OF CLOUDS AND WATER VAPOR
FEEDBACKS?

Water plays akey rolein the radiative balance of the atmosphere: water vapor is the most
important of the greenhouse gases, and clouds (whether liquid or ice) affect both vertical heeting
profiles and geographic hesting patterns. In addition, results from climate models suggest there
will be an overdl increase in water vapor as the climate warms.

Predictions of climate change vary in large part because of differences in the way that the
various feedback processes are represented in the models. The greatest differences are those
associated with water vapor and cloud processes. For example, scientists do not know how
the amount and distribution of clouds will change, both vertically and horizontaly, as the water
vapor in the atmosphere changes. More importantly, they do not know how the associated
changes in radiative forcing and precipitation will affect climate. The feedback to the Earth’'s
radiative balance and cloud structure from increased upper tropospheric water vapor is
potentialy quite large and could be positive or negative.

Basic understanding of the processes that control the atmospheric water vapor and clouds must
be improved and incorporated into models. Better representation of the distribution of water
vapor is critica given its contribution to temperature increases as an active radiative gas, as well
asitsrolein cloud formation. Because the physical processes respongble for the horizontd and
vertica trangport of water vapor and cloud formation occur a scales that are not resolved by
climate modds, they must be parameterized (smplified for incorporation in the modds). New,
integrated, three-dimensiond data sets of cloud properties and water vapor will be produced to
reduce uncertainties due to the representation of clouds and water vapor in climate models. A
combination of these data sets, new observations, and targeted process studies will be
developed with afocus on model improvements.

RESEARCH NEEDS
- Combined in situ and remotely-sensed measurements of water vapor and radietive

properties for process studies of water vapor transport into the upper atmosphere by
convection, with emphasis on the tropics.
Anayss of three-dimensiond data on cloud properties and dynamics, cloud radiation,
and precipitation processes using a combination of ground- based measurements and
satdllite remote sendaing.
Tedts of cloud parameterizations for Generd Circulation Modds (GCMs) using
process-resolving modds.
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Teds of cloud parameterizations againgt observations in the framework of operationa
regiond or globa atmospheric circulation models.

Tegts of climate model sengtivity to three-dimensond cloud representation employing
cloud-resolving modds.

While the studies described here will substantially improve understanding of feedbacks, other
studies proposed as part of 4 Plan for a New Science Initiative on the Global Water Cycle
(Hornberger et a., 2001) and the CCSP Strategic Plan (see Chapter 7) will be critica to predicting
the impact of climate change on precipitation and water availability, for example, determining long-
term trendsin the globd water cycle including the character of hydrologic events and their causes,
developing the ability to bridge climate and weether moddling; and determining the relationship
between the water cycle and biogeochemica/ecologica processes.

PRODUCTS AND PAYOFFS
Improved estimates of globa radiative energy losses arisng from water vapor variability
in the upper troposphere.
New, observationally tested cloud parameterizations for GCMs that can help to reduce
uncertainties in predictions of climate change related to clouds and water vapor
transport.

HOW DO FEEDBACKS IN THE POLAR REGIONS AFFECT CLIMATE
CHANGE?

The polar regions, particularly the Arctic, are especially sengtive to changes in climate, and modds
conggtently predict future warming to be much more significant in these regions than esewhere.
This sengtivity arises primarily from the positive dbedo (how much radiation is reflected by the
surface) feedbacks associated with melting of snow and ice that blanket most of the region, which
can as much as triple the amount of absorbed solar radiation. Compounding this sensitivity isthe
fact that seaice cover modulates the exchange of heat and moisture between the ocean and
atmosphere. The disgppearance of insulating seaice increases the transfer of energy and water
vapor from the ocean to the atmosphere, enhancing atmospheric warming. Furthermore, Arctic
s0ils serve as Sgnificant reservoirs of CO, and CH,, and warming of the region could result in
increased emission of these greenhouse gases, contributing to the carbon cycle in ways thet are not
yet clear.

In addition to high-latitude precipitation, and freshwater discharge from melting snow and ice, sea
ice cover playsamagor role in the Atlantic thermohaline circulaion (controlled by temperature and
sinity variations) in the Arctic, and the formation of Antarctic bottom water in the Southern
Hemisphere. These are two dominant factors in ocean circulaion that directly influence climate
throughout the world. It isunclear how future polar climate changes, in particular changesin seaice
cover, will affect these oceanic drivers of the globa climate system. In the case of the Arctic, for
example, it is possble that increased surface freshening (reduced sdinity) associated with enhanced
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melting and precipitation may suppress the overturning in the North Atlantic Ocean, which may lead
to mgor abrupt changesin climate, such as has been observed in paleoclimatic data

lce on land is of critica importance for climate and sealevel. The Greenland and Antarctic ice
sheets contain enough ice to raise sealevel by more than 70 meters (230 feet). The smdler glaciers
and ice caps contain the equivalent of only about 0.5 meters (1.6 feet) of sealeve rise, but they are
far more susceptible to near-term changes and are disappearing rapidly. While globd sealevd is
currently estimated to be risng at arate of nearly 2 millimeters (0.08 inches) per year, thereis
evidence that in the past sealevd has risen by as much as 50 millimeters (2 inches) per year in some
locations. Such rapid rises, consstent with recently discovered abrupt climate changes, can only be
attributed to changes in the Earth’ s larger ice masses. Given the potentiad economic consegquences
of sealeve rise, thereisapressng need to understand changesin the amount of ice stored on land,
and the mechanisms that drive these changes.

Representation of polar climate in climate modelsis not as advanced as that of the lower latitudes.
Thisarisesin part because of the limited data available for mode development, refinement, and
vdidation, and alimited understanding of the processes a work. An enhanced observation system
and the use of existing and future satellite data sets should improve the representation of these areas
in dimate modds, which is necessary to accurately predict future climate changes and assess the
potential for these changes to be abrupt.

Warming temperatures may aso affect Arctic land areas. If continuous permafrost areas
become discontinuous and discontinuous areas experience complete summer thawing, the
hydrology of northern land areas would be subgtantialy dtered. Many of the wetlands,
marshes, and perched lakes in the Arctic are underlain by permanent ice. The reduction of this
ice would lead to the infiltration of the water into the soil and widespread changes in vegetation
patterns. The release of greenhouse gases such as CH, associated with wetlands would expand
in areas where melt water resulting from deeper and longer thaw periods does not have a
natural drainage path to the ocean.

Warming could aso lead to changes in the water cycle in polar regions. Reducing the
uncertainties in current understanding of the relationships between climate change and Arctic
hydrology is criticd for evauating the potentid impacts of climate change on Arctic communities
and their infragtructure. Further, a better understanding of these relationships may dlow the
development of monitoring procedures that use changes in the Arctic asasignd of the progress
of globa dimate warming.

RESEARCH NEEDS
- Determination of basn-wide Arctic seaice thickness, particularly in the margind sees,
for aperiod sufficient to determine if observed historic changes are present across the
basn.
Modeling of observed seaice changes to determine the relaive role of transport versus
net loss.
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Egtablishing the mass balance and ice dynamic regime of the Thwaites’Pine Idand
drainage system of the West Antarctic ce Sheet and ng its Sability through
observationaly constrained models.

Assessment of the mass baance of the Greenland ice shedt, its variability, and its
potentia contributions to near-term sea leve rise.

Measurement of permafrost temperatures and thaw patternsfor five yearsin sufficient
detall to establish regiond thaw patterns.

PRODUCTS AND PAYOFFS
Reduced uncertainty in estimates of the future state of the Arctic Ocean, itsimpact on
globd climate, and its navigability for srategic and commercia purposes.
Ability to measure sea surface sdinity from space in order to detect equatorward
transport of fresh water from the meting of seaice and itsimpact on thermohaine
circulation.
Initial assessments of the likelihood of polar changes to contribute to abrupt climate
change in the near future.

More rdiable assessment of future sealevel changes and the potentid for rapid sealeve
rise (>10 mm/yr), and reduction in the uncertainty of sealeve rise estimates for the 21%

century.
Quantification of permafrost contributions to the carbon budget and climate warming.

References:
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Global Water Cycle (Washington, D.C., US Globa Change Research Program).
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CHAPTER 3

CLIMATE QUALITY OBSERVATIONS,
MONITORING, AND DATA MANAGEMENT

This chapter’s contents...

1. How did the globa climate change over the past fifty years and beyond, and what levd of
confidence do these data provide in attributing change to natural and human causes?

2. What isthe current state of the climate, how does it compare with the past, and how can
observations be improved to better initidize models for prediction?

3. How red arethe differences in surface and tropospheric temperature trends?

4. How do we improve observations of biologica and ecologica systems to understand their
response to climate variability and change?

5. How accessbleisthe climate record?

The US Climate Change Research Initiative (CCRI) provides resources to develop climate
observation systems. It encourages partnerships with developed countries and support for
developing countriesin order to build aglobal observing sysem. A climate observing system
must go beyond climate observations themsdves to include the processing and support system
that leads to reliable and useful products. To be most effective it must o provide critical data
for decison support and policymakersin areas such as climate and weether forecasting, human
hedlth, energy, environmental monitoring, and natural resource management. The specific
emphasis on climate observing and information systems within CCRI will be to document the
past, observe the current state, and archive a high quaity and consistent record that is

ble to everyone. These objectives are considered through representative research
guestions.

1. How did the global climate change over the past fifty years and
beyond, and what level of confidence do these data provide in
attributing change to natural and human causes?

Obsarvations of current and past climates play an important role in improving the characterization
of processesin the ocean, atmosphere, land surface, and polar regions, and in vaidation of climate
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models. The climate record is atime series of key variables, such as temperature, precipitation,
and pressure, a monitoring Sites or aggregated at regiond and/or loca levels. These dataare
essentid input to climate models and therefore key to meeting the complex challenge of predicting
future dimate. The climate record itsdlf provides vauable information for industrid planning in
sectors such as dectric utilities, trangportation, construction, insurance, and many others. The need
for refining, extending (both backwards and forwards), and andyzing the long-term climate record
to better discriminate naturd variability from human-induced globd changeis sdf-evident. Space-
based and in situ observations, often associated with weather networks, have provided the most
important data so far for the detection and attribution of causes of globd change. Documentation
of decadd to centennia climate changes requires records of much longer duration than available
based on modern ingrumentation. Therefore, we need a systematic search for, and recovery of,
naturaly existing proxies (subgtitutes) for such instrumentation—proxies that revea the past history
over hundreds and thousands of years with adequate quaity and tempora resolution.

Many individudsin many countries have gathered climate system variables usng many different
ingrument types during the past 150 years to document climate system variability. In order to
document and understand change from a historica perspective, we need to develop globd,
comprehensive, integrated, quality-controlled databases of climate system variables based on
historica or modern measurements, and to provide the user community with open and easy access
to these databases. We need to integrate these records as far into the past asis practical to reduce
uncertainties in the climate trend estimates of individua parameters. In addition, we can now
reanayze the pagt states of the climate system using the modern tools of data assmilation within the
context of anumericd globd circulation modd. These modd-based reandyses have proven
successful for the atmosphere and are now being explored for the oceans. A strategy for routine
reanalyss must be established to exploit the iterative nature of improvementsin this process.

Undergtanding the magnitude and impact of past climate variaions and change iskey to

deve oping confidence about how climate may change in the future. Thisrequires
comprehend ve documentation about the full spectrum of climate forcings, feedbacks, and
responses, especidly over the past century when human influences have been most pronounced.
Although the recent Intergovernmenta Panel on Climate Change (IPCC) assessment (IPCC,
2001) provides information about climate changes and variations for a variety of variables, more
can be donein an organized and timely way to support climate-related policy. Much of this
information is not routinely updated and integrated into a clear comprehensve assessment, nor is
it combined into a convenient format for policymakers.

RESEARCH NEEDS
Perform data archaeology and mining for specific climate related events and trends using
rehabilitated historical records.
Begin to reanayze higorica records to improve data fidelity so they are more useful for
improved long-term climate records.
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PRODUCTS AND PAYOFFS
Regular ocean and atmosphere reanayses to assess the state of the climate over the last
50 years and beyond, including a related assessment of data and observations.
State of the climate reports describing decada-, centennid-, and millennid-scale
changes.
A datidica characterization of climate system extremes from higtorica data.

2. What is the current state of the climate, how does it compare with
the past, and how can observations be improved to better initialize
models for prediction?

The gate of the climate is determined from the global climate observing network. This network
is ds0 used to examine the current date reldive to the pagt, often in the form of anomdies
(differences) relative to a mean State, and to examine long-term trends of climate-sengtive
variables, such as sealevd rise, air and seatemperatures, seaice concentration and extent, and
upper ocean heat content. The future state of the climate is predicted by starting from the
present sate of the climate. The importance of observations for producing an accurate
assessment of the present state of the climate is recognized through a core objective of the
CCRI.

Climate research and monitoring require an integrated strategy of land, ocean, and atmospheric
observations, including both in situ and remote senang platforms, modeling, and andyss. An
adequate globd dimate observing system should be made up of instruments on various
platforms, including aircraft and satellites, ground stations, ships, buoys, floats, ocean profilers,
balloons, flux towers, and samplers. The exigting network isin need of repair and maintenance,
and many eements must be brought up to modern standards.

One of the more pressing needs from a climate monitoring perspective is the identification and
correction of time-dependent data biasesin observation systems as early aspossible. Thisisa
fundamenta aspect of scientific data tewardship. Too often, time-dependent biases have been
discovered ten or more years after the fact, often through data archaeology or reprocessing
efforts. This degrades the climate record, even if adjustments can be developed to correct the
deficiencies, and often requires consderable extra effort. Achieving early detection of time-
dependent biases will require new research on the most effective means of finding biases early
on. Inaddition, a system must be put in place so that when biases are found, network
operators can be notified and corrective action taken. These biases are sometimes due to
sensor degradation, but just as frequently result from changesin dgorithms or spatid and
tempora sampling methods thet at first gppear innocuous. All these issueswill need to be
addressed.

The CCRI will enhance the existing long-term monitoring system with accelerated focused
initiatives to provide a more definitive observationa foundation for determining the current Sate
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of the climate. Many shortcomings of the current climate observing system relate to surface and
upper air atmospheric measurements and observations of atmaospheric composition, global
ocean, land surface, and ice variables. For example, only haf of the Globa Climate Observing
System (GCOS) Upper-Air Network (GUAN), established for climate purposes, has been
reporting regularly initsfirst few years of operation, and the GCOS Surface Network (GSN)
for climate has had similarly disgppointing results. The ocean is poorly observed below the
surface and large parts of the ocean have never been measured in some seasons (such asthe
Southern Hemisphere oceans in winter). Over land, the greet spatia heterogeneity requires
extremely detailed measurements and presents amagjor challenge.

A truly globa observing system is only possible through international cooperation and
coordination. The United Statesis an active and leading partner in the development and
support of agloba observing system that assembles key e ements from a number of observing
networks under the aegis of gppropriate internationa organizations, in particular the Globa
Obsarving Systems (G30S), which include GCOS, the Globa Ocean Observing System
(GOQS), and the Globa Terrestrid Observing System (GTOS). The full implementation of
G30S will require internationa coordination and commitment. Components for atmospheric,
oceanic, terredtrial, and satellite observations are supported at varying levels depending on
scientific priorities, avalability of nationd contributions, and the sophidtication of the relevant
observing technologies.

Climate prediction systems depend on robust and broad globa observations to project the
present state of the climate into the future. In addition, observations are used to vdidate and
evauate modd predictions, which leads to model improvement. Key variables, such as sea
surface temperature, must be available with sufficient accuracy and resolution for prediction
systems to provide maximum benefit.

RESEARCH NEEDS

- For dl operationd monitoring networks, develop the tools necessary to identify time-
dependent biases in the data as close to red-time as possible.
Evaluate the capacities of existing and planned networks (e.g., G30S) to recognize
changesin extremes and hazards.
Repair the GCOS Surface Network to improve data reports.
Improve atmospheric column observations of temperature, humidity, and winds by
repairing the GCOS Upper Air Network that collects data, but fails to provide
adequate and timely reports.
Measure emissons, aerosols, and ozone in the Asia Pacific area by adding new Globd
Atmosphere Watch (GAW) dations. Improve globa estimates of atmospheric ozone
and carbon by upgrading GAW dations.
Monitor upper-ocean temperature and sdinity structure with additiona ocean profiling
floats and expendable bathythermographs to observe changes in heat and freshwater
content.
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Improve estimates of globa sea surface temperature for climate mode initidization, as
well asregiond barometric pressure and surface current velocity for modd vaidation,
by completing the globa digtribution of surface drifting buoys.

Reduce uncertainty in sealeve rise estimates by obtaining absolute positions for sea
level gations required for atimeter cdlibration and detection of long-term trends, and
fixing “core network” sealevel sationsthat do not provide data on ocean circulation.
Monitor the state of the globa tropical atmosphere and oceans with instrumented
moored buoys for climate prediction and research.

Improve model-based globa air-sea flux estimates with surface flux reference moored
buoy sites and Volunteer Observing Ships (which collect routine surface meteorologica
observations) with ingrument upgrades for climate-quadity observations.

Accderate validation of satdlite-based seaice thickness measurements by enhancing
validation-oriented field measurements.

PRODUCTS AND PAYOFFS
Reduced uncertainty related to time-dependent biases in the climate record.
Egtimates of the number of years a climate record is required at each new US Climate
Reference Network station to recognize a climate trend and/or variation.
Regular reports documenting the present state of the climate system components (i.e.,
atmogpheric composition, climate variability and change, water cycle, carbon cycle, land
cover and land use change, and ecosystems) in context with historical datato provide
an essentia perspective on current trends and variations.
Integrated estimates for the generd user community of the current state of important
climate parameters, such as.
0 Atmospheric temperature and water vapor;

Sealevd risg;

The variability of ocean heat content;

Surface temperatures, and

0
0
0
0 Seaicethickness.

3. How real are the differences in surface and tropospheric
temperature trends?

A key role for the CCRI’ s accelerated focus on observing systems is to reduce the Sgnificant
uncertainties in our understanding of climate change. A crucid issue that remains unresolved
relates to the rate of warming in the troposphere compared to the surface during the latter part
of the 20" century. Climate mode simulations, forced by anthropogenic changes in atmospheric
composition, project sgnificant increases in tropospheric temperature that are somewhat larger
than the increases near the surface in the tropics. Severa andyses of the observationd data
suggest that the rate of warming at the surface has been at least twice that of the troposphere,
especidly in the tropics and sub-tropics, since about 1980, and about the same since around
1960. The failure of the troposphere to warm at the same rate as the surface during the last few
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decades has cdled into question both our understanding of the causes of any change, in
particular the impacts of enhanced greenhouse gas concentrations, and the data used to
calculate temperature trends. For these reasons, the IPCC' s Third Assessment Report
(IPCC, 2001) devoted considerable discussion to assessments of both climate model
smulations and observationa datain order to resolve the gpparent differencesin the rate of
warming projected inaccurately in climate models with those observed in the troposphere and at
the surface. Climate models were used to help understand how the surface and tropospheric
temperatures may have responded differently to a variety of naturd and anthropogenic forcings.
Prior to the IPCC report, a pand of the National Research Council (NRC) attempted to
reconcile the differences in the observations from satdllites, weether balloons, and the near-
surface temperature record derived from surface weather stations and ocean ships and buoys
(Reconciling Observations of Global Temperature Change, NRC, 2000). The IPCC
(2001) concluded that it was very likely that there are Sgnificantly different trends of
temperature at the surface, in the troposphere, and in the stratosphere.

Severd new anayses have been completed since the IPCC and NRC reports were published.
The differentid surface and tropospheric warming remains a complex issue from an
observationa standpoint. Severd independent estimates of tropospheric temperature trends
since 1958, based on radiosondes, have yielded quite different results ranging from little or no
warming to 0.2°C per decade. New and updated anayses of the satellite record indicate
warming in the troposphere of more than 0.1°C per decade in one data st, but only a
gatigticaly insgnificant trend in another, both over the period 1979 to 2001.

Moded smulations have been run to interpret the observationd data. Coupled climate models
with combined anthropogenic and naturd forcings have been unable to smulate the large
differences in trends reported by severd of the observationd andyses. Theinability to reliably
amulate the observed differentid warming is due to a combination of modd error and missng or
inaccurately specified externd forcings, e.g., the effects of increased greenhouse gases and
stratospheric ozone depletion in the upper troposphere. An aternate explanation assumes that
observationd errors are not trividly smdl. The truth could lie somewhere in the middle.

RESEARCH NEEDS

To help resolve thisissue that is centrd to detecting and attributing climate change, and ensure
that future monitoring systems ddliver data free of time-dependent biases, afocused effort will
be made to ensure improved retrospective and prospective atmospheric temperature
measurements. Thisincudes:

Improvements for data and observations

0 More comprehengve information regarding the type of radiosondes used by various
countries and how they have changed over the decades.

0 Moreéeffort to obtain observations and data from overlapping measurements for the
various observing systems (e.g., radiosondes, surface observations, and satellites)
when instruments change or there are changes in spatia and tempora sampling.
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0 Algorithm adjustments are required for the operationad microwave satellite record to
ensure continuity between records from adjacent satellites. Attention to calibration
issues (including overlap of satellite records) needs to be increased.

0 A closer andysis of the height of the tropopause, which has been measured on
radiosondes and more recently on Globa Positioning System occultation deta, will
be useful for understanding both troposphere and stratospheric changes.

0 Updates, adjustments, and the newer versons of data sets for both the satdllite-
derived and the in situ temperature measurements are required to narrow
unexplained differences in the data sets.

0 A cod effective means to implement the GCOS climate monitoring principles for
satdlitesand in situ systems.

New modeing smulaions

o0 Smulaion of the spatia and tempora sampling of the Nationa Oceanic and
Atmospheric Administration (NOAA) polar orbiting satdllites used to caculate
tropospheric and stratospheric temperatures in the historical record.

0 Additiond ensemble amulations of the climate of the last 40-50 years from severd
of the key dimate mode s with the inclusion of both natural and anthropogenic
forcings are crucid to trying to explain the observed changes.

0 Anayssof daafrom modd new reanayss projects will be emphasized to better
undergtand sgnificant time-dependent biases that may have affected the observing
sysem.

PRODUCTS AND PAYOFFS

An improved internationa radiosonde network to produce better data sets of upper air
temperature and humidity, with specid emphasis on the tropics and subtropics where
data are mogt difficult to harmonize with the surface.

An improved internationd surface monitoring network using the principles set forth by
the NRC (see Chapter 12) for improved data sets for surface temperature,
precipitation, and barometric pressure.

Data to support reduction of climate mode uncertainties regarding surface and
tropospheric temperature response to a variety of naturd and anthropogenic forcings.
Satdllite missions adhering to the GCOS climate monitoring principles for reduced
discontinuitiesin the satdllite record.

Evauation of biases in the observationa records to produce a more consistent climate
record.
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4. How do we improve observations of biological and ecological
systems to understand their response to climate variability and
change?

Changesin an environmenta variable—mog often warming, but aso changesin precipitation
and ar qudity—have often been related to observed changesin biologica and ecological
gystems. Severd examples were mentioned in the Working Group |1 section of the IPCC's
Third Assessment Report (IPCC, 2001), including thawing of permafrogt, lengthening of the
period of lesf display in mid- and high-latitude ecosystems, poleward shifts of plant and animal
gpecies ranges, movement of plant and animal species up eevationd gradients, earlier spring
flowering of trees, earlier spring emergence of insects, earlier egg-laying in birds, and shiftsina
forest-woodland ecotone (the boundary between the forest and the woodland). These changes
in ecosystems and organisms are consi stent with warming and changesin precipitation, but the
possibility remains that the observed biological and ecologica changes were caused (in part) by
other factors such as biologica invasions or human land management. Because of this, the
atribution of the causes of biologicad and ecologica changesto dimatic change or varidbility is
extremely difficult. Moreover, because many ecosystem:environment interactions play out over
long periods—ultimately involving evolutionary changes and adaptations within ecosysems—
long periods of study are needed in many cases to draw firm conclusions about relationships
between environmenta change, effects of that change on biological and ecologicd systems, and
the significance of any observed biologica or ecologica changes for the functioning of
ecosystems.

New research is needed to provide a sgnificantly more complete picture of how biologica and
ecologica systems may have responded to recent climatic change and variahility, including
possible biologica or ecological responses to extreme events. New observationd systems will
a0 be needed to gppropriately monitor potentia future changes in the environment and
accompanying biologica or ecologica changes (if any). A key chdlenge will be to provide
organization, guidance, and synthesis for the emerging field of observed effects of climate
change on biologicd and ecologicd systems.

The CCRI will initiate studies of early effects and indicator systems across diverse ecosystems
and geographic regions. A subgtantial amount of existing climate and effects data, a variety of
monitoring efforts, and comparisons to scenario-based effects studies can be marshded in this
effort. The CCRI will facilitate linked analyses of climatic trends and observed biologica and
ecologica effects by supporting identification of gppropriate past and ongoing monitoring
efforts, design of new needed monitoring systems, and synthesis of results across ecosystems
and regions. Research efforts will target those ecosystems that are subjected to (or may be
subject to in the future) the most rapid or extensive environmental changes and/or are most
sengtive to possble environmenta changes.
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RESEARCH NEEDS
Long-term, spatidly explicit, and quantitative observations of ecosystem state variables and
concomitant environmental varigbles are needed. Initid activitieswill focus on:
|dentifying ecosystems thet are either sengtive or resilient to environmental change;
| nterfaces between ecosystems (ecotones), which are governed by and presumably
most sengtive to environmentd factors,
Ecosystems experiencing the most rapid environmenta changes today, or that may
experience the most rapid changes in the near future, such as ecosystemslocated at high
latitudes and high elevations. Coagtd ecosystemns should aso be a priority because of
ongoing sealeve rise and intensive human uses;
Concurrent trends in other factors, such as population and land use change; and
Vdidation of the results of impacts studies done with the climate change scenarios over
the near term or for smal amounts of warming using observed climate and impact data.

PRODUCTS AND PAYOFFS
A comprehensive report describing ecosystems that will potentialy be affected by
environmenta change, especidly climatic changes, as well asthosethat are resilient to
change, and a detailed map of the geographic extent of those ecosystems.
Observationd design criteriareated to risk assessment and identification of causes of
changes in digtribution of pests and pathogens (e.g., climatic change interacting with
westher).
Global, synoptic observationa data products from satellite remote sensing documenting
changesin biomass, albedo, leaf area and duration, and terrestrid and marine
ecosystemn composition for use in Geographic Information System (GIS)-based decison
support systems.
Design criteriafor remote and in situ observations of biological and ecologicd systems
that will help determine whether any observed ecologica changes are attributable to
globa change.
Linksto biologica and ecologicd datasets from monitoring programs, including those
from remote senang platforms.
Annua reports on observed ecosystem changes attributable (or attributed) to global
change.
Requirements for a system for observing interactions of climate and ecosystems.
Climate data at appropriate tempora and spatia scales for impact studies.
Links to datasets documenting trends in other variables, such as population and land use
change, relevant to observed climate impacts.

The payoff from the initia products will be information needed to establish effective networks of
obsarving sysems directed at identifying, quantifying, and explaining resilience aswell as
changesin ecosystems resulting from globa changes. The information will be used to design
gopropriate obsarving systems, which will in turn be needed to implement effective
observationd systems that may be able to provide key information to decisonmakers and
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scientists about effects of globa change on ecosystems. It will begin to lay the foundeation for
future analyses of how ecosystem responses in turn cause feedbacks to the climate system.

5. How accessible is the climate record?

The key priority for scientists and decisonmakers is access to the climate record. Scientists
sudying Earth system variability and change must have an accurate, uninterrupted series of key
geophysica climate data records. These data records stretch from paleoclimatic proxy datato
measurements from today’ s observation syssems. To provide maximum accessibility, scientific
quality assurance, and ease of utility of these key products spanning multiple decades, multiple
projects, and multiple government agencies now and in the future is key to the success of
understanding and providing the science-based information thet is the mandate of the Climate
Change Science Program (CCSP).

The provison of dataand information in forms needed for cross-disciplinary anadysis and
projection remains achadlenge. Some science questions by their very nature pose needs for the
concerted gathering of “bundles’ of data, information, and services. Throughout this document,
which discusses key and emerging science questions, are specific needs for data setsrelated to
large regiond problems, large-impact processes, field campaigns, and anayses that combine in
situ data, remotely sensed data, process studies, and model output. Integrated data set needs
are mogt effectively answered by community-aggregated data, information, tools, and services
dedicated to removing usage barriers, such astempora and spatid differences.

It is now well known that for climate change research, life-cycle data management—induding
long-term stewardship—must be considered and planned throughout the entire design,
implementation, and life cycle of any observing sysem. Long-term stewardship includes the
long-term preservation of the scientific integrity of the data, monitoring and improving data
qudlity, sgnificantly enhancing access to the data, and extracting further knowledge from the
data

A continuous and complete data record for the observationa instrument series or network of
gations, including history and metadata (information about the data set), provides the details
necessary to support a high degree of confidence in the data employed by the scientific research
community in forecast and prediction modeling. In turn, this provides decisonmakers with a high
degree of confidence when making environmental and economic policy decisons. In addition, data
collected as part of process sudiesis of great vaue for improving the fiddity of climate models.
Consequently, data providers must assemble, document, and subject these data to high quality
standards. Such data should be assembled, processed, integrated, and made openly accessible to
the research community. Adequate support for safeguarding by federd depository centers will
enure long-term access.
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Aswe move to implement the CCRI, achieving integrated (land, atmosphere, and ocean) data
access will require multidisciplinary analysis of data and information to an extent never before
atempted. Thisincludes the andlyss of interlinked environmenta changes that occur on multiple
tempora and spatid scales, whichis very chdlenging both technicaly and intdlectudly. For
example, many types of satdlite and in siru observations at multiple scales need to be integrated
with modds, and the results presented in understandable waysto dl levels of the research
community, decisonmakers, and the public. In addition, very large volumes of data from awide
variety of sources, and results from many different investigations, need to be readily accessble
to scientists and other stakeholdersin usable forms.

The success of every dement in this plan requires accessible, high-quality, interoperable, and
thus easily usable, datain order to reduce the uncertaintiesin our models, and to be able to
understand and characterize the processes and feedbacks when addressing the key questions
about atmospheric composition, the carbon and water cycles, land use and land cover,
ecosystems, and climate variability and change. The data and information must be presented in
away that facilitatesits use in scenario development, studies of human contributions and
responses to environmenta change, and decision support tools. The accessibility of qudity data
will be afocus of CCRI, and its success will rely on partnerships with exigting nationa and
internationd efforts currently focusing on these issues (i.e., G30S, Ocean.US, the Internationa
Geosphere-Biosphere Programme (IGBP), and the World Climate Research Programme
(WCRP)).

RESEARCH NEEDS

- Edablish aframework for providers data, quality control, metadata documentation
standards, and formatting policies that will make possible the combined use of targeted
data products important to high-priority areas of research. Thiswill dso encourage
provison of common tools and services in the public and private sectors.
Provide defined key dements for data management planning. A data management plan
should be required as part of any new observationd or monitoring activity. Thisplan
needs to address the data life cycle, with speciad focus on data access and archiving.
Develop a cross-agency mechanism to coordinate implementation of the climate
observing system, identify where efficiencies could be gained, and support leveraged
activities.
Access and document the information architectures, systems, and data products
produced and managed to provide an overdl architecture diagram or cataog of
information systems and services. Thiswill enable effective management of, and
facilitate access to, the digtributed climate-related data and information gathered by
federal and non-federa activities. Thiswill leed to aharmonized evolution of existing
distributed systems and services for utilization of data and information in andyses and
models.
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PRODUCTS AND PAYOFFS
Coordinated climate observing instrument series and monitoring networks, administered
by different agencies, maximizing the use and utility of the data
Mechanisms to encourage and permit regiond, project, and commercia observationa
networks to make their data available for anayss and modd vaidation and to recelve
feedback on data quality and utility of their data.
Data from future monitoring and observing networks will be more readily added to the
climate record, and digested into the information available for decisonmakers.
Coordinated implementation of the climate observing system both at the nationd and
internationd leve.
Provison of information portals where decis onmakers can locate the data, information,
models, andysistools, and other servicesthat are identified as potentialy important to
their needs by the CCSP research community.

References:

IPCC, 2001. Intergovernmental Panel on Climate Change, Climate Change 2001. Third
Assessment Report of the IPCC. (Cambridge, United Kingdom, and New Y ork: Cambridge
University Press). Includes

IPCC, 2001a. The Scientific Basis, a contribution of Working Group I.

IPCC, 2001b. Impacts, Adaptation, and Vulnerability, acontribution of Working
Group I1.

IPCC, 2001c. Mitigation, a contribution of Working Group IlI.

IPCC, 2001d. Synthesis Report. A Contribution of Working Groupsl, I, and 111

NRC, 2000. Commission on Geosciences, Environment and Resources, Nationa Research
Council, Reconciling Observations of Global Temperature Change, (Washington, DC:
Nationa Academy Press, 2000).

Parts of section 2 are elaborated further in:
Trenberth, K.E., T.R. Karl, and T.W. Spence, “The need for a systems approach to
climate observations,” in the Bulletin of the American Meteorological Society,
November 2002
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CHAPTER 4

DECISION SUPPORT RESOURCES

This chapter’s contents...

1. Evduations and syntheses for policy analyss and operationa resource management
2. Andyticd techniquesfor serving decision need
3. Applied dimae modding

4. Resourcesfor risk andys's and decisonmaking under uncertainty

The Climate Change Research Initiative (CCRI) will synthesize the results of the research
conducted by the Climate Change Science Program (CCSP) to present critica information to
decisonmakers and resource managers both within and outside of the US Government.
Decisonmakers, as defined here, engage in the development of nationd policy such as setting
national goas for greenhouse gas emissions and negotiating with other countries over
international agreements. Along with resource managersin different regions and sectors,
decisonmakers o are engaged in policy, planning, and operationd decisionmaking issues
related to the management and alocation of natural resources and the associated physical
infrastructure. The science and decision support activities ponsored by the CCSP are
designed to provide critica information about a number of the decisons and natural resource
issues affected by climate variability and change. One mgor key dement of the CCRI isthe
ongoing engagement of scientists, decisionmakers, resource managers, and other stakeholdersin
identifying issues and questions, and providing data and products that include characterizations
of uncertainties and the level of confidence associated with thisinformation.

One of the principal mativations behind the CCRI is enhancing the CCSP commitment to
synthesizing scientific results and producing decision support resources responsive to nationd
and regiona needs. Decision support resources include awide variety of mechanisms for
creating and supporting a dialogue between scientists and decisionmakers to identify issues and
guestions of concern, and for framing the research agenda needed to answer the questions.
They dso include avariety of anaytica techniques, including historical data andys's, scenarios,
and applied climate modeling, that serve decisonmakers, and product development that arises
from the strong interaction between the science and decisonmaking needs.
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One component of the CCRI will focus on nationd-leve chalenges associated closdly with the
mitigation issues (improving understanding of the costs and benefits of particular Srategies for
reducing emissons) associated with long-term globd climate change. In apardld effort, the
CCRI will accelerate the development of a structure and process for integrating science with
decison processes to assst the development of regiona and sectoral adaptation responses
(actions to reduce vulnerability, seize opportunities, and enhance resilience) to variability and
long-term changesin climate. These two efforts complement and reinforce each other with
lessons learned about how the process of synthesizing and andyzing scientific information can
inform policy and operationd decisons. Although the actua process of making policy and
resource management decisions should remain entirely separate from the research function, the
establishment of a new class of working relaionships will ensure that the sponsored research is
well informed by an understanding of what information istimely and useful for decisonmakers,
resource managers, and other stakeholders. Research will provide a continudly stronger
foundation to help decisonmakers eva uate the suite of dternative policy options and
operationd dSrategies.

This section of the Strategic Plan describes activities intended to initiate innovation in decison
support resources that are particularly relevant to the driving forces and effects of climate
change a anationd and regiond leve, recognizing the need for continued progressin basic
climate science questions. Because climate is not the only variable component in the
decisonmaking process, and societal chalenges rarely reved themsalves as neet, Single-issue
topics, thisinitid focusis nested within a commitment to integrate across tempord scaes, spatid
scaes, and multiple effects (both positive and neggtive).

The following sections lay the groundwork for building decison support into the CCSP: the
incorporation of science-based decision support research including scenario devel opment;
gpplied climate modeling; and the development and application of improved methods for deding
with scientific uncertainty in the decison process.

1. Evaluations and syntheses for policy analysis and operational
resource management

For the last decade, the primary focus of the development of climate change science informetion
at the nationd level has been in response to the debate on energy policy. At issue was whether
human+induced climate change could be so significant as to require immediate and steep
reductionsin foss| fud emissons. The main congraint on any such reductions has been the
desire to maintain modern living standards by preserving the ability to serve the energy needs of
agrowing economy with diverse economic sectors in the context of evolving societd vaues.
Issues centra to the debate have indluded digtinguishing between naturd dimeate variability and
humantinduced climate change; the adequacy of observations to determine climate variability
and change; the rdidbility of climate modeling; and the prediction of the immediate costs and
possible benefits of mitigation options.
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The CCRI will initiate a process to identify policy decisons that should influence the focus of
climate change research programs. It will be important to consider likely future policy decisons,
because there can be lag time in the ddivery of research results. This process will include
meetings with current and past decisonmakers. The resulting articulation of potentid policy
questions will serve as afoundation for the subsequent decision support activities. Onegod is
to expand the range of decisions from an emphasis primarily on energy policy to a broader
agenda that includes greenhouse gases and pollution other than carbon dioxide (CO,), emissions
that result from land use (particularly deforestation and the cultivation of certain crops), and the
management of other resources and decisons a aregiond level. Examples of other broad
policy arenas that require science-based climate information are agriculture, water resources, air
quality, forestry, wildfire management, public hedlth, and foreign aid.

The importance of climate change and variability liesin itsimpacts on natural resources, the economy,
human hedlth, and ecosystem sustainability. Some regions, sectors, and assets will be more vulnerable
and some more resilient to climate variability and change, and taking steps to seize opportunities or
identify particularly vulnerable assets and enhance their resilience will help ensure economic productivity
and the wdll being of citizens and the environrment. Decisionmakers who operate in the resource
management arena are confronted with an array of influences that impact their decisions, and these must
be considered in work done under the CCRI. Climate variability and change, demographic change,
land use, laws, and public values are only afew of the inputsinto their decison processes. In addition,
they are required to make decisions on arange of time scaes from a day-to-day operational

perspective to alonger-term planning perspective.

The dimate science issues that have emerged over the last decade that have been raised by these
decisonmakers include concerns about contradictions in, and the coarse spatid scale of, information on
climate change from globa climate models, and the lack of availability of ussful and effective climate
observations and products for usein their decison processes. Regiona- and local-scae anayses of
potentia climate impacts are limited by the fact that currently available modd projections are not reliable
at the smdler scaesthat are required for these analyses. However, regiona- and sectoral- scale climate
diagnostics and analyses, in cases where they prove to be accurate, can be and have been used
effectively in regiona decisonmaking contexts, cregting an important demand for the provison of useful
observationa products and data.

One god of the decisionsupport efforts of the CCRI isto identify nationa-level decisons and to
use that list to develop decision support activities as well asto help prioritize dimate change
research. A second god isto articulate and expand upon our understanding of the role of climatein
human affairs such that science-based information can be synthesized, andyzed, and incorporated
meaningfully into policy andysis and operationa resource management.

Research projects that contribute to decision support will be supported under CCSP.  These research

projects benefit from the results of the US Globa Change Research Program (USGCRP) research
efforts discussed in Chapters 5-11. Links will so be made to the reporting and outreach activities
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(Chapter 13) and to internationa research cooperation (Chapter 14). The CCRI will provide ameans
for syntheszing, andyzing, and evauating scientific results that will provide supporting information for
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policymaking and operationa resource management processes.

IDENTIFICATION OF DECISION ISSUES AT THE NATIONAL LEVEL
Thetype of issues requiring decisions at the nationd leve for which information about long-term
globd climate changeis rdlevant has evolved considerably in recent years. The CCRI will
attempt to establish mechanisms to foster anew class of working relationships to ensure that
relevant issues are identified, articulated, and communicated to the research community. This
task is understood to be a particularly chalenging one, where decisions for which science-based
information will be useful will be a subset of abroader range of decisons. Accomplishing a
productive and effective relationship among researchers, federal research managers, and policy
specidigs will require new working arrangements. The CCRI will devote attention to the type
of inditutiona changes necessary to forge effective interaction between research processes and
policy development.

For policy development related to mitigation, it will be difficult to generate atrue representation
of salient decisons. Over the last saverd years there has been an interest in issues as diverse as
estimating the costs and impacts of concentration paths over time; costs and benefits of various
stabilized atmaospheric concentrations; priorities for technology R& D; evauating regulatory
indruments; analyzing uncertainties, analyzing the role of the United States with respect to the
rest of the world; analyzing which gases to control and how to trade off certain greenhouse
gases versus others; the connection of greenhouse gas emissions to other pollutants, such as
aerosols, assessing impacts from possible climate change at alocd leve; high-consequence but
low-probability events; and others.

Stakeholder interaction will be essentid to the task of identifying decison issues at the nationa
level, but managing this interaction will be a different type of experience than it has been a the
regiond level, where researchers have spent the last severad yearslearning how to interact with
resource managers and local planners. Certain sectors, such as energy, technology
development, or internationd disaster management, are obvious candidates for exploring how to
build improved stakeholder relaionships. Many of the decison dternativesin these particular
areas Will be amenableto the“If..., then...” paradigm that uses the scenarios described in the
next section.

DECISION SUPPORT RESOURCES
FOR REGIONAL RESOURCE MANAG EMENT
The generd gpproach for accelerating and enhancing decision support for regiona resource
management will be basad on the following framework:
Identification of regions, sectors, and decisionmakers that would most benefit from
improved global change informeation.
Development of indicators for assessing vulnerability and/or opportunities.
Research to improve knowledge of globa and regiond changes.
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Development of data, information, andytic resources, and modelsto facilitate risk
assessment given remaining uncertainties,

Investigation of how to disseminate information and assst usersin evauaing options.
Promoation of sustained interactions between the scientific community and stakeholders
to judicioudy agpply such knowledge to inform decisonmaking.

Resource managers are chalenged every day by the need to make decisions despite the
exigence of scientific uncertainties and the inability of scientists to begin to make absolute
predictions about future outcomes. Through the USGCRP, a sustained relationship between
investigators and decis onmakers has been nurtured to cregte the basis for developing a shared
understanding of the generd potentid for and nature of risk and benefit, and extracting from
stientific findings the information to begin to support decisionmaking within a context of
managing risk. Through regiona and sector-specific research, investigators will continue to
work closgly with decisionmakers and resource managers to identify the level of certainty
required for different decison contexts, and mechanisms for best communicating the
uncertainties, which may include acknowledging thet it may not be possible to provide
meaningful information & the required level of certainty.

A mgor vaue of the regiona resource management component isin deriving indghts from
“lessons learned” about how science can be integrated effectively into the operationa
decisionmaking process and, to the extent possble, into policy andyss and development. This
activity involves the andyss of information from multiple disciplines—induding the socid and
economic areas—to address the specific questions being asked by resource managers and
other stakeholders. It dso includes an analysis of adaptation options to improve society’ sahility
to respond effectively to risks and opportunities as they emerge. Based on the regiond and
sector- specific research that has been conducted over the last decade, preliminary target areas
for accelerated research that will be considered include ar qudity; water avallability and qudity;
forest and wildfire management; drought; and public hedth.

PRODUCTS AND PAYOFFS
Further development of forma mechanisms to establish and perpetuate working
relationships between the research and decisionmaker communities to ensure that
research and assessments will address the specific issues of concern to the
decisonmakers. The decisionmaker/researcher interaction will be evaluated and
documented and used to identify needed improvementsin deciSon support resources.
Sdlection of aset of potentid policy questions that require information support from the
climate change community through a stakeholder/scientist interactive didogue. These
issues and the resulting policy-relevant science questions will influence the devel opment
of scenarios (6 months).
Establishment of a consultative process between agency managers, investigators, and
key partnersin one or more of the target areas to identify the key resource management
problems; resulting research questions, needed observationa data, and appropriate
methods of communicating and using scientific uncertainty in the decisonmaking context.
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Andysis of historicd recordsin the target areas to gain a better understanding of past
and current climate, aswell as future climate, in order to provide services and design
infrastructure to more effectively adapt to future changes.

2. Analytical techniques for serving decision need

LINKING RESEARCH TO DECISIONMAKING

“Decison support” refersto the provison of timely and useful information that addresses
specific questions being asked by a decisonmaker. 1t could be a question that is pertinent to
any of afull range of issues related to climate change, including adaptation, the management of
resources in the face of scientific uncertainty, mitigation, or technology development.  For
example, a national- scale question addressing emissions might be framed as, “What are the
economic consequences—costs and benefits—associated with the adoption of an emissons
god framed in terms of percentage reductions against a specified base year emissonsleved?’
Alternatively, it might be framed on the regiond or local scale to address adaptation questions,
such as. “How could water resources be managed if winter snow melt shiftsto an earlier time
of year?’

Techniques that serve to articulate research findings in ways that resonate with decisionmakers and that
incorporate parameters important from their perspective are akey part of the CCRI commitment to
build and sugtain productive, gppropriate interaction between research and action. A variety of
resources and approaches are being used to explore the possible range of consequences of climate
change, including historical records; integrated assessment modds, synthesis, analys's, and presentation
of scientific conclusions for incorporation into existing decisonmaking frameworks, communication and
outreach processes to policymakers; and sengitivity and “If..., then...” andyses. Although dl of these
contain sometimes profound uncertainties, their use can provide existing information for decisonmakers,
resource managers, and other stakeholders.

METHODS FOR ANALYZING CLIMATE IMPACTS
A vaiety of methods are available for illustrating and andyzing how fluctuations in dimate influence
socid, economic, and ecologica systems, including:

- Historic records. Dataand records from the past provide an essentid perspective
on how changesin climate affect human and naturd systems. Analyzing variations such
aswarming; incresses in precipitation; decade-long droughts; and reductionsin the
extent of snow cover, and their effects on human and natural systems, provides
important ingghts into how vulnerable or reslient these syslems may bein the future.
The need for improved information on such variations, particularly a regiona and loca
scaes, isone of the highest priorities for users of climate information.

Sensitivity analyses. “If..., then...” and sengtivity anayses will aso be used to
determine under what conditions and to what degree a system is sengtive to change.
Sengtivity analyses help to identify the degree of climate change that would cause
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sgnificant impacts to naturd and human systems, i.e., how vulnerable and adgptable
these systems are. Such analyses are not predictions that such changes will, in fact,
occur. Rather, they examine what the implications would be if the specified changes did
occur. For example, an analyst might ask, “How much would temperature have to rise
to cause a specified impact?’

Climate projections. Climate modd projections are another tool for understanding
what future climate might be like, to the extent of their scientific credibility and our &bility
to develop quantitative statements about levels of confidence. Once again, these
projections will not be viewed as specific predictions or forecasts of future outcomes,
but rather as probabilidtic dternative futures that “paint apicture’ of what might happen
under particular assumptions. They provide a starting point for investigating questions
about an uncertain future and for visuaizing dternative futures in concrete and human
terms. Using scenarios helps to identify vulnerabilities and opportunities, and to explore
potentia response strategies. However, it isimportant to recognize that in some cases
the state of knowledge about potentia consequences of climate change may not be
sufficient to support any climate impacts modding. Regiond- and local-scae andyses
of potentid climate impacts are limited by the fact that currently available mode
projections of shorter-term trends over the smaller scales that are required for these
andyses are much less reliable than the model projections of continental-scale and
century-long trends that are currently available. Infact, different mode projections are
a times contradictory, a symptom of the unreliability of regiond-scae projections a this
time.

Consultative processes and conceptual models. Brigfings forums,
workshops, and other forms of engagement between researchers and stakeholders,
when managed and sustained, have the effect of diciting information over time and
through iteration that enrich the research and increase the likelihood that research will
contribute to improved decisonmaking. Methods and products that are “ co- produced”
have the highest likelihood of gpplication. Products such as*“decison cdendars’ that
integrate the worldview of resource managersin a given sector with the naturd cycle of
the climate system have served to enlighten both researchers and resource managers.
At the same time, research must be independent of particular policy agendas in order to
remain free of bias.

Integrated quantitative and qualitative information for refined decision
products. Climate information can be incorporated into existing sector-based (e.g.,
agriculture, reservoir management, wildfire management, etc.) and policy

andys gmanagement modd s such that the potentia effects on productivity or particular
outcomes can be andyzed. Use of existing modds sensitive to indtitutiond redlities
offers the advantage of identifying moments where climate information is most relevant
to planning, budget cydes, early warning systems, or profit maximization and efficient
use of resources. Results that offer outcomes expressed in terms of probabilistic
distributions of expected events can contribute to decision andlys's and assessment of
risk in particular settings.
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One of the mogt productive areas for combined research and assessment activitiesisin
building frameworks that integrate component models in response to awell-articulated
decison need or “problem” focus. Knowing in advance the concerns of relevant
decisonmakers, researchers and other professionas are beginning to refine the
techniques necessary to customize modd-based and Satigtica climate information; tailor
outputs for congstency with hydrologic, ecologica, or other information; and andyze
outcomes within the parameters of decision need. Advances made in these types of
aggregations of systemswould afford new ingghts into understanding thresholds relevant
to climate that are unique to various sectors. These activities also hold important
potentid for advancing andysds of multi-factor stresses, and can be gpplied to questions
surrounding water resources, wildfire and agriculturd management, and carbon
sequedtration Strategies.

SCENARIO DEVELOPMENT

For many decision dternatives, an “If..., then...” anadyss enabled by scenarios can be
performed that providesinformation to a decisonmaker. Assuming aparticular action is taken,
the analysi's predicts the consequences of that action. Scenarios play akey rolein the
decisonmaking process by providing the opportunity to explore options againgt avariety of
dternative possible backgrounds. The term “scenario,” as used here, refersto any description
of the world asit might evolve or be made to evolve in response to decisons. The god of the
CCRI scenarios activity isto develop, maintain, and enhance the capability to answer “If...,
then...” questions rlevant to the full range of climate change decisonmaking, from the
management of resources to the formation of nationd and internationd policy. The activity will
seek to ensure that a balanced approach is taken that maintains objectivity and avoidsfocusing
on “worst-case andyss’ done.

Scenarios provide avehicle for posing and analyzing questions, for example, “What if the
United States adopts an emissonsgoa?’ The question as framed above, however, is
insufficiently specified. It lacks detail. For example, no mechanism by which the god might be
attained is specified. Further, there is no description of areas of concern, such asthe
effectiveness of the limitationsin environmentd terms; the impact on jobs, Gross Domestic
Product, the economic health of important economic sectors and regions of the country, and
internationd trade; the implications for energy and nationd security; and the effects on
ecosystem goods and services. Decisonmakers and stakeholders, through interactions with
researchers, can provide the necessary leve of specificity and may together cregte a better list
than ether could separatdy generate. All scenarios start with information originating outside the
system in question, contain some description of the system of interest, and provide a mechanism
for evaluating avariety of gpproaches that may be employed.

Scenario development techniques abound, and range from qualitative approaches to formal
computer modds. Models link statements about key externd factors, such as population
growth and migration; the abundance and availability of resources, market structure; energy cost
and use; internationd trade; and technology deployment, through agorithms that attempt to
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capture their relationships. Some scenario devel opment techniques may combine both
qualitative and modeling approaches, smilar to gaming exercises that provide computer models
for role-playing. The Intergovernmental Panel on Climate Change (IPCC) has made extensve
use of scenarios to drive climate models, dthough the mode outputs have seen limited usein
sudying the impacts of climate change. Other quditative and quantitative scenarios have been
used extensively in controversa assessments of the potential consequences of climate change
for particular sectors and regionsin the United States. The development of scenarios dso
makes possible potentidly fruitful communications with other important policy redms such asthe
Nationa Climate Change Technology Initiative (NCCT]).

RESEARCH APPROACHES

Research is essentid to every part of the scenario process. Scenarios will require the
acquisition and synthesis of knowledge about factors that lie both within and outside of the
processes in question, including economic growth; energy supply and demand; land use;
agricultural practices, ecosystem characterization; and the characterization of the cryosphere,
hydrosphere, ocean, and atmosphere. Models of such processes can be extremely detailed,
with some requiring extensve time (weeks) on the fastest available computers. It isimportant to
redlize that the nature of the question being asked by the decisonmaker, aswell asthe leve of
scientific certainty required, influence the congtruction of the scenario and the type of modding
undertaken.

CCRI scenario development will go beyond past scenario activities such as those of the IPCC.
Decisonmakers, resource managers, and other stiakeholders will be engaged to help identify the
types of scenarios that could be used to provide them with timely and useful information. The
CCRI will develop logicd and interndly congstent scenarios with input from the full range of
relevant sakeholders, which potentialy include environmenta non-governmenta organizations
(NGOs), industry representatives, natural resource managers, government agencies, and
research scientists. It will undertake independent analysis to extract up-to-date information on
projections for key variables (e.g., demography; technology characteristics and costs, and
economic growth and characterigtics) and the relaionship of key driving forces to environmenta
change (e.g., land use and land cover) and adaptive capacity. The CCRI will coordinate its
scenario development plans with the new IPCC scenario efforts. The IPCC may be interested
in adopting some of the CCRI scenarios or combining CCRI and IPCC efforts.

PRODUCTS AND PAYOFFS
A new stakeholder-oriented process for ongoing identification of questions rlevant to
decisonmakers, and scenarios that could be used to address these questions, will bein
place. This component of the program will incorporate the most up-to-date scientific
information about socio-economic, dimetic, and environmenta factors. Modeling,
integrated analys's, and reporting of results will so be supported.
A specific set of scenarios that can be used to address relevant policy and resource
management questions—at the nationd, regiond, and sectord levels—will be
developed in collaboration with stakeholders (2 years). The scenarios will be used as
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input to integrated assessment and other region and sector-specific impacts models,
which will evaluate the consegquences of the different scenarios. Reports summarizing
ingghts relevant to the questions posed by the decisionmakers and regional/sectord
resource managers, dong with an andysis of the uncertainty, will be written (2 years).
Additiond reports will summarize the results of more extengve efforts using integrated
assessment models linked with natural resource decisionmaking models and the
implications for development of risk-management options for resource management and
nationa climate change policy (4 years). A find report on the Sate of the art of
scenarios will be written.

Integrated assessment models will be improved both in skill and breadth of coveragein
order to redisticaly represent an increased number of actions and consequences
important to the decision process.

3. Applied climate modeling

INTRODUCTION

Climate models have been a central part of the US climate program since the 1970's. Models
are an essentid tool for synthesizing observations, theory, and experimentd results to investigate
how the Earth system works and how it is affected by human activities. Such modds can be
used in both a retrospective sense, to test the accuracy of modeled changesin Earth system
forcing and response by comparing mode results with observations of past change, and in a
prognostic sense, for caculating the response of the Earth system to projected future forcing.
For the CCSP, we need to consider asubset of the broad domain of climate moddling, in
particular those specific tasks that can provide near-term information products to inform
management and policy decisonsinvolving climate. Thisisthe areaof Applied Climate
Modeling. It provides the meansfor trandating the scenarios described in the preceding section
into the decision support resources.

There are a number of obstacles facing the application of the best of US capability in climate
science to these critica gpplied modeling issues. The NRC (2001b) found that when comparing
US and European high-end moddling, the United States is il lagging in its ability to rapidly
produce accurate high-resolution model runs. In addition, there is a need to increase confidence
in modd results and expand their immediate utility for decison support. These consderations
prompt severd priority directions for Applied Climate Modding.

IDENTIFY, QUANTIFY AND SYSTEMATICALLY REDUCE UNCERTAINTY
IN CLIMATE MODEL PROJECTIONS

Sensitivity Comparisons

Climate sengitivity is a measure of the dlimate s response to a unit change in radiative forcing
due, for example, to changing atmospheric concentrations of greenhouse gases. It accounts for
amgor part of the uncertainties in climate projections. The current crop of world-class dimate
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models exhibits an unacceptably large range in climate sengtivity. The mgor US models that
have been used for IPCC scenario assessments—the Community Climate Sysem Mode
(CCSM), operated at the Nationa Center for Atmospheric Research, and the modd devel oped
at the Geophysicd Fuid Dynamics Laboratory (GFDL)—Iie close to the opposite ends of this
range, making them ided resources for investigating the processes and assumptions responsible
for uncertainty in sengtivity.

All current climate models fail to adequately smulate severd climate system processes and their
feedbacks. One example of such a processis ocean mixing, which to alarge degree controls
the rate of projected globa warming. Atmospheric convection, hydrologic processes, and
representation of clouds, dl of which strongly influence the magnitude and geographica
digtributions of globa warming, are aso poorly smulated. These deficiencies are thought to be
related to the large range of dimate sengtivity and contribute significantly to modd uncertainties.
High-priority research will focus on representations in models of the relevant physica feedback
processes, using available observational data and, where required, new field observations. This
work will enable focused model comparisons to understand the reasons for differencesin
climate sengtivities. Products will include new knowledge about important climate feedback
processes and their improved representation in climate models, potentidly leading to a
ggnificant reduction in known uncertainties in climate projections. Particular atention will be
devoted to cloud/water vapor processes, as described in Chapter 2 (see also Chapter 6).

Characterize and Reduce Key Uncertainties

It will be important to identify the one or two largest sources of uncertainty in feedback
processes currently represented in climate models, determine the causes of the uncertainty, and
improve the physica representation of those processes in the modds. Comparing model
smulations and observations indicates that the mgjor problems are generic, affecting dl climate
models. Climate Process Teams (CPT), anew approach to focused research designed to more
rapidly reduce known uncertainties in climate mode projections, will conduct the research. The
teams of climate process researchers, observing system specidists, and modelers will work in
partnership with multiple modeling centers (see dso Chapter 6).

Enhance Model Credibility through a Formal Program of Model Testing

In moving towards the development of a more operationa gpplied climate modeling capability, it
is necessary that models be put through a more rigorous program of testing than has been the
caseto date. For weather prediction, such testing is straightforward: informeation on the
accuracy of the forecast isimmediately available, and statistics can be generated. For applied
climate modeling, such immediate feedback isimpossble. It is necessary, as climate modeling
moves beyond the research domain, that models be formally tested against specific
observational data sets. This needs to be done with sufficient care and fiddlity to detect small
differences in future climate trgectories. The observations mugt have tight tolerances for
accuracy, sampling protocols, data availability, and cost, and must meet the criteriafor long-
term stable climate records, as described in Chapter 3. Ladtly, there must be aformdly

Draft Date: November 19, 2002 48



DRAFT

reviewed assessment of models performance, both against these specialized data sets and
againg each other. The testing program would have four particular components:
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Testing against the climate record.

Mode outputs have long been compared to the globa average temperature record,
with notable successes. But given the number of parameterizationsin high-end climate
moddls, it is not clear that that this comparison is sengtive enough (i.e., modds might be
getting the right answers for the wrong reasons). Thisimplies a need for consgtent,
dimate-quality analyzed fields for the dimate record of the 20" century with a particular
focus on the last 25 years (for which satellite observations are available) so that models
can be tested againgt such parameters as precipitation and ocean heat content. A
periodicaly repeated reanalysis of the climate record is required, in order to incorporate
new and recovered observational data and recent modeling advances. A particular
need isfor afull exploitation of the satellite datarecord. The operationa satellite
archives must be reprocessed to fully exploit their potentia and properly test mode
forecasts. But the operationd archives by themsdves are insufficient and must be
supplemented by current and planned research ingruments (EOS, TRMM, CloudSat)
that target key climate feedback processes. Ladtly, particular attention must be given to
the climate forcing data sets used to drive climate models. These datasets are
themsdves the source of congderable uncertainty, and their ranges of uncertainty must
be identified.

Itisaso critica that models be tested against the paeoclimatic record. It isnot clear
that the 20™ century will be representative of the future state of the Earth’s dlimate.
Models must be able to represent past states of the climate system as seen inthe
paleoclimatic record in order to project future States. Paleoclimate proxy data must be
used in the routine model eva uation process.

With regard to the climate record, one of the central areas of controversy has been the
difference between the surface and tropospheric temperature records. To provide
indght into the nature of this difference, a series of mode runswill be carried out
focusing on surface and tropospheric temperatures and the processes that may lead to
ther differences. This effort must be coupled with improved andyss of the
observationd record and improved observing systems and techniques to remove
potentid future biases.

Testing against specialized data sets.

In addition to testing models againg the climate record in generd, there are specidized
data setsthat may be of particular use in isolating climate feedbacks and their
representation in models. There is aneed for an innovative and disciplined comparison
drategy to connect details of the specidized, congstent observations to the structure of
the forecast model. For example, because radiative feedbacks from clouds and water
vapor are the primary contributors to the uncertainty in climate mode forecasts, any
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drategy to improve climate forecasts must test both the integrated globa response of
the modd aswell asthe individua feedback processesthat ultimately determine the
response. Specidized data sets are required to first test smulations of feedback
processes usng smple and/or individual component models (e.g., cloud processes using
atmospheric single column models). Data assimilation methods can aso be used to
examine process representation in models, as has been done successfully in global
aerosol modeling. The more demanding and definitive tests must be conducted using
the fully coupled climate sysem modd.

Both branches of this strategy—individua component processes and integrated
response—require either new data sets or an improved interface with existing data sets.

More generdly, there is a need for specific climate benchmark records to provide
absolute values of key measurements for testing climate models. Such benchmark
records would consst of alimited number of carefully sdected measurements focusing
specificdly on dimate forcing and response. A focus on accuracy, with measurements
tied to laboratory standards, isakey characterigtic. Current examples of benchmark
measures include sealeve dtimetry, solar irradiance, and atmospheric CO,
measurements. Prospective benchmark observations would include ground and space-
based GPS radio wave refraction, which is adirect function of atmospheric dengity
variaions, and spectrally-resolved absol ute radiances to space.

Sensitivity to unresolved ocean processes.

Of particular note among the key uncertainties in climate change modding istherole of
the ocean. Because of computer resolution, none of the current coupled climate models
resolve the smal ocean eddies (with horizontal scales of tens of kilometers) that
constitute the dominant scale of oceanic variability. These eddies are thought to play a
substantid role in regulating oceanic heat trangport (via boundary currents) and heat and
carbon storage by regulating transport to deep water. A series of eddy-resolving globd
ocean sengitivity studies are required to assess how well the parameterizationsin current
climate models portray the ocean's sengtivity to forcing. In addition, such sudies will

be used to assess whether the role of margina sea processesin determining the
properties of the dominant ocean water masses and in driving the thermohdine
circulation are captured well by the primary coupled climate models.

Ability to simulate major modes of climate variability.

Another mgjor area of climate modd testing concerns the ability of modesto smulate
known modes of climate variability such asthe El Nifio-Southern Oscillation (ENSO),
the Arctic Oscillation (AO), the Pecific Decadd Oscillation (PDO), and monsoon
systems. The research base examining these is detailed in Chapter 6. While these
modes of variability by their nature may not be predictable, it is nonetheless necessary
that models smulate their amplitudes and frequency structure. If amode does not have
aredistic ENSO cycle present, for example, it cdls into question the fundamenta
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dynamics of the predictive system. For this reason, verification against data sets
produced by the climate variahility research community is afundamenta aspect of
climate modd tegting.

PRODUCTS AND PAYOFFS

As a near-term product, acritical comparison of the mode sengtivity of mgor US modds will
be undertaken by the mgor modeling centers (1- 1.5 years), followed by publication of a
reviewed interim report (3 years). Considerable progress has been made dready, as the
modding and diagnostics communities are devel oping scientific and protocal plans for examining
differences between models, as well as differences between models and observations.

CLIMATE CHANGE IN RESPONSE TO SPECIFIED EMISSIONS
SCENARIOS AND NATURAL FORCINGS

One of the highest priority applications of climate modeling is the development of new, Sate of
the art projections of the impact on global climate resulting from different scenarios of
greenhouse gas emissons. As described in the previous section, well-developed scenarios are
essentia vehicles for asking the centrd “If..., then...” questions. These scenarios must
consder potential economic changes, possible changes in energy sources, and suites of potential
new technologies, dong with possible environmenta changes which may themsdves act as
agents of climate change. Andysis of uncertainties will be included as part of the scenario
exercise.

PRODUCTS AND PAYOFFS
Sets of ensemble global simulations projecting possible climate change
at continental and regional scales from various emissions scenarios.
Using these scenarios as input conditions, climate model runswill be generated for
research, assessment, and policy applications for the United States (3 years). These
ensemble model runs then form the basis for regiond andyses, potentidly usng
downscaing techniques (see Chapter 6). The CCRI will coordinate with the IPCC in
determining what scenarios to run. It isimportant that the CCRI modeling plans teke
into congderation, and work in the context of, internationa efforts (see Chapter 14).

North American scenarios for short-lived species: tropospheric ozone,
sulfur-based and black carbon aerosols, and methane. Asdescribedin
Chapter 5, the CCSP will furnish a set of scenarios, with uncertainties, that will link
potentia changesin North American pollutant precursor emissions to resulting changes
in the radiaive forcing of climate change (4 years). With these rediative-forcing
scenarios as part of the input, Smulations of potentia future climate changes can include
ameaningfully broader set of possibilities and hence options.
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STRENGTHENING US APPLIED MODELING CAPABILITY
Severd recent NRC reports have documented the need to strengthen US modeling capability.
In response, anumber of steps will be taken to enhance the US climate modeling capability:

Two Center Strategy.

The US contributions to the IPCC’ s century-long scenario runs and assessments will be
primarily accomplished by the high-end models developed at two complementary high-
end modeling centers. Thefirg, the Community Climate Sysem Modd (CCSM),
operated at the Nationa Center for Atmospheric Research, is an open and accessible
modeling system that integrates basic knowledge from the broad, multi-disciplinary
basi ¢ research community for research and gpplications. The second modd, developed
at the Geophysica Fluid Dynamics Laboratory (GFDL ), benefits from these community
interactions and will focus on modd product generation for research, assessments, and
policy applications as its principa activity. The success of these two endeavors
depends on modeling of specific aspects or sub-components of the climate system
conducted by multiple US laboratories and universities.

Common Modeling Infrastructure.

To optimize modding resources and enable meaningful collaborations among modders,
it is necessary to build common and flexible infrastructure & our mgor modeling
centers. By adopting common coding standards and system software, researcherswill
be able to test ideas at any of the several magjor modeling centers and the centers
themselves will be able to easlly exchange parameterizations as well as entire modules
50 that each benefits from the other’ swork. Products will include more efficient and
rgpid transfer of research resultsinto model pplications.

Access to Computational Capability.

To improve the effectiveness of the US climate modeling effort, enhanced and stable
computationa resources should be focused on modeling activities, indluding dimate
variability and predictability on seasond to centennid time scales; nationa and
internationa climate projections and assessments of anthropogenic climate change;
regiona impacts of climate change; assmilation of carbon data; and nationd and
internationa 0zone assessments. These activities will require a substantia increase in
US computationd capatiility in the form of dedicated machine time for climate model
runs.

4. Resources for risk analysis and decisionmaking under uncertainty

Decigonmaking associated with climate change and variability can be viewed as asubset of a
larger class of problems that involve decisonmaking under uncertainty. Decisons are made and
public policy is developed in many areas other than climate change that involve uncertainties,
such as terrorism and genetic engineering. Although each of these issuesis associated with its
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own unique set of factors, they dl involve the need to understand longer-term risks for systems
where there are many variables, each of which interacts with the othersin complex, often
nonlinear ways. Fruitful lines of inquiry include many different gpproaches, such as game theory,
preference eicitation, and decision sequencing.

Advancement of theory, approaches, and resources to improve decisonmaking associated with
climate change and variahility will take avariety of forms. New paradigms will be needed to
better integrate the variable spatia, tempord, and organizationd scales at which interconnected
naturd and human systems function. New gpproaches are needed to conceptudize problems
and to obtain and analyze relevant data from a diverse set of sources. New resources need to
be created that combine improved operationd capabilities with more effective user interfaces,
thereby making them more readily useful to decisonmakers and other stakeholders. These
resources will require integration of the latest advancesin information systems technology with
datistical advances, such as visudization and stochastic modeling. Also needed are the
development and deployment of more effective forms of communication to facilitate broader
dissemination and implementation of scientific ingghts and information to a broad range of end
users.

PRODUCTS AND PAYOFFS

An accelerated fundamenta research program will be put in place to develop applications of
exiging cgpabilities to the issues of uncertainty in the climate change decisonmaking context as
well asto the robust andysis of risk and vulnerability of naturd resource systems. Additiond
research programs will focus on the development of new resources for addressing scientific
uncertainty in decisonmaking.

References:

NRC, 2001b. Panel on Improving the Effectiveness of U.S. Climate Modeling, Board on
Atmospheric Sciences and Climate, National Research Council, Improving the Effectiveness
of U.S. Climate Modeling (Washington, DC: Nationa Academy Press).
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USGCRP INTRODUCTION AND OVERVIEW

The United States Global Change Research Program (USGCRP) was created in 1989 as a
high-priority nationa research program to address key uncertainties about changesin the
Earth’sgloba environmenta system, both natural and human-induced; to monitor, understand,
and predict globa change; and to provide a sound scientific basis for nationa and internationd
decisonmaking. Sinceitsinception, the USGCRP has strengthened research on global
environmenta change and fostered insight into the processes and interactions of the Earth
system, including the aimosphere, oceans, land, frozen regions, plants and animas, and human
societies. The USGCRP was codified by Congressin the Globa Change Research Act of
1990 (PL 101-606). The basic rationde for establishing the program was that the issues of
globa change are so complex and wide-ranging that they extend beyond the mission, resources,
and expertise of any single agency, requiring instead the integrated efforts of savera agencies.

The USGCRP is organized into a set of linked research program elements, which together
support scientific research across awide range of interconnected issues of climate and global
change. Each of these research e ements focuses on topics crucid to documenting and
monitoring change, improving projections of change, or developing useful products to support
decisonmaking. The program focuses on these dements because they are al mgor
components of the Earth’s environmental systems, they are undergoing changes due to a variety
of naturd and humaninduced causes, and changes in one area affect processes and the state of
the others such that it is not possible to understand how the Earth system or its any of its
components (e.g., climate) will evolve without understanding important characteristics of the
others.

The research program dements include:

Atmospheric Composition—USGCRP-supported research focuses on how the
composition of the globa atmosphere is atered by human activities and natural phenomena, and
how such changes in amaospheric compaosition influence climate, ozone, ultraviolet radiation,
pollutant exposure, ecosystems, and human health. Research addresses processes affecting the
recovery of the stratospheric ozone layer; the properties and distribution of greenhouse gases
and aerosols; long-range transport of pollutants and implications for ar quaity; and integrated
assessments of the effects of these changes.  Atmospheric composition issues involving
interactions with climate variability and change—such as interactions between the climate system
and the stratospheric ozone layer, or the effects of globa climate change on regiond air
quality—are of particular interest at present.

Climate Variability and Change—USGCRP-supported research on climate varigbility

and changeis being focused on how climate dements that are particularly important to human
and naturd systems—especialy temperature, precipitation, clouds, winds, and storminess—are
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affected by changes in the Earth system that result from naturd processes as well as from human
activities. Activitiesin the program are specificaly oriented toward predictions of seasond to
decadd climate variaions (e.g., the El Nifio-Southern Oscillation (ENSO)); improved
detection, attribution, and projections of longer-term changes in dlimate; the potentia for
changes in extreme events a regiond to locd scaes, the possibility of aorupt climate change;
and ways to improve the communication of thisinformation (including characterization of
uncertainty) to inform nationa dialogue and support public and private sector decisonmaking.

Global Water Cycle—USGCRP-supported research on the globa water cycle focuses on
the effects of variability and change in the water cycle and climate systems on the capacity of
societies to provide adequate supplies of clean water; and how natural processes and human
activities influence the digtribution and quality of water within the Earth system and to what
extent the resultant changes are predictable. Specific areas include: identifying trendsin the
intengty of the water cycle and determining the causes of these changes (including feedback
effects of clouds on the globd water and energy budgets aswell asthe globd climate system);
predicting precipitation and evaporation on timescales of months to years and longer; and
modeling physica/biologicd processes (including interactions with human health) and human use
of water, to facilitate efficient water resources managemen.

Land Use/Land Cover Change—USGCRP-supported research on changesin land use
and land cover focuses on the processes that determine the tempora and spatial distribution of
land cover and land use change at locd, regiond, and globa scaes; how land use and land
cover can be projected over timescales of 10-50 years; how the dynamics of land use, land
management, and land cover change will affect globa environmenta changes and regiond-scale
environmenta and socioeconomic conditions, including economic wefare and human hedth; and
how globa environmenta changes will affect land use and land cover. Research will identify
and quantify the human drivers of land use and land cover change; improve monitoring,
measuring, and mapping of land use and land cover and the management of data systems; and
develop projections of land cover and land use change under various scenarios of climate,
demographic, economic, and technologica trends.

Global Carbon Cycle—USGCRP-supported research on the globa carbon cycle focuses on:

(1) identifying the 9ze and varigbility of the dynamic reservoirs and fluxes of carbon within the Earth

system and how carbon cycling might change and be changed in the future; and (2) providing the

scientific underpinning for eva uating options being considered by society to manage carbon sources

and sinks to achieve an appropriate balance of risk, costs, and benefits. Specific programs and
projects focus on North American and oceanic carbon sources and sinks; the impact of land use
change and resource management practices on carbon sources and sinks; projecting future
atmospheric carbon dioxide and methane concentrations and changes in land-based and marine
carbon sinks; and the globa digtribution of carbon sources and sinks and how they are changing.

Draft Date: November 19, 2002 56



O o0 ~NO UL WNPE

hwwwwwgwwwwl\)l\)l\)l\)l\)l\)l\)l\)I\JI\)HI—‘HI—‘HI—‘HI—‘HI—‘
O © 00 ~N O O WNPOOWOO~NOOULARWNPFPODOO~NOOOGPMWDNEO

DRAFT

Ecosystems—USGCRP-supported research on ecosystems focuses on: (1) how natural and
humantinduced changes in the environment interact to affect the structure, functioning, and
sarvices of ecosystems at arange of spatia and tempora scaes, including those ecosystem
processes that in turn influence regiona and globa environmenta changes; and (2) what options
society may have to ensure that desirable ecosystem goods and services will be sustained, or
enhanced, in the context of till uncertain regiond and globa environmenta changes. Among the
gpecific focus areas are the structure and functioning of ecosystems, including cycling of
nutrients, and how these nutrients interact with the carbon cycle; and key processes that link
ecosysems with climate.

Human Contributions and Responses—USGCRP-supported research on human
contributions and responses to globa change is relevant to each of the other research program
elements. The current focus of thisresearch is on the potentia effects of globa change on
human hedlth; human forcing of the dlimate system, land use, and other globd environmenta
changes, regiona and sectora assessments of vulnerability and resilience; decison support
under conditions of sgnificant complexity and uncertainty; and integrated assessment methods.

Contents of Part IT Chapters—The chapters of Part |1 of the draft Strategic Plan provide
an overview of each research program dement, including research questions, an overview of the
current state of knowledge, products and benefits from the research, needed scientific inputsto
reach objectives, and linkages with other nationa and internationa programs.

International Linkages—Internationally, the World Climate Research Programme, the
International Geosphere- Biosphere Programme, and the International Human Dimensions
Programme provide the broad framework within which US research efforts are coordinated
with those of other nations. Robust collaborative efforts with internationd partners through the
Integrated Global Observing Strategy and the Globa Climate, Oceans, and Terrestria
Observing Systems enhance the productivity of US investmentsin observations. USGCRP
agencies aso have developed bilateral and multilateral cooperative activities with arange of
developed and developing countries: afew examples include ongoing scientific cooperation with
Japan and partnerships with international organizations and nationd governments to gpply
forecasts of ENSO and other products of the program. The program benefits from and
supports activities in developing countries that serve both research and capacity-building
purposes through the System for Andlyss, Research, and Training, the Inter- American Inditute
for Globa Change Research, and other efforts. Internationd linkages particular to specific
areas of research are described in relevant sections of each chapter. Chapter 14 provides an
overview of internationd activities conducted under the Climate Change Science Program by
the Climate Change Research Initiaive and the USGCRP.
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CHAPTER 5

ATMOSPHERIC COMPOSITION

This chapter’s contents...

Question 1: What are the climate-relevant chemical and radiative properties, and spatia and
tempora digtributions, of human-caused and naturally occurring agrosols?

Quegtion 2: What is the current quantitative skill for smulating the aimospheric budgets of the
growing suite of chemically active greenhouse gases and their implications for the Earth’s energy
bal ance?

Quedtion 3: What are the effects of regiond pollution on the globa atmosphere and the effects of
globd dimate and chemica change on regiond air qudity and aimospheric chemica inputsto
ecosystems?

Question 4: What are the time scale and other characterigtics of the recovery of the stratospheric
ozone layer in response to declining abundances of ozone-depleting gases and increasing
abundances of greenhouse gases?

Quedtion 5: What are the couplings among climate change, air pollution, and ozone layer
depletion, which were once considered as separate i ssues?

Key Linkages

The globa and regiond composition of the atmosphere—its gases and particles—is a the
intersection of globa and regiona changes and their relation to humankind:

- The atmosphere is shared by all. It linksthe other components of the Earth
system, including the oceans, land, terrestrid and marine plants and animds, and the
frozen regions. Because of these linkages, the atmosphere is a conduit of change. For
example, naturd events and human activities that change atmospheric composition will
change the Earth's radiative (energy) baance. Subsequent responses by the
sratogpheric ozone layer, the climate system, and regiond chemicad composition (air
quality) create multiple environmentd effects that influence the well being of human and
naturd systems.

Atmospheric composition changes are indicators of many potential
environmental issues. Observations of trendsin atmospheric composition are
among the very earliest harbingers of globa changes, such as the growth rates of carbon
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dioxide (CO,) concentrations in the amaosphere. Smilarly, the decline of the
concentrations of 0zone-depleting substances, such as the chlorofluorocarbons (CFCs),
has been the first measure of the effectiveness of internationd agreementsto end
production and use of these compounds.

The atmosphere can be a forcing-agent “reservoir” for long-term
changes. Thelong removal times of some compounds, such as CO, (>100 years) and
perfluorocarbons (>1000 years), may imply virtualy irreversble globa changes over
decades, centuries, and millennia—for al countries and populations, not just the
pollutant emitters.

An effective program of scientific inquiry relaing to managed or unmanaged changesin
atmospherlc compoasition must address two mgor foci:
A focus on Earth system interactions: How do changesin atmospheric
composition ater and respond to the energy baance of the climate sysem? What are
the interactions between the climate system and ozone layer? What are the effects of
regiona pollution on the globa atmosphere and the effects of globd climate and
chemica change on regiond ar qudity?
A focus on Earth system and human system linkages: How isthe
compodition of the global atmosphere, asit relates to climate, ozone depletion,
ultraviolet radiation, and pollutant exposure, dtered by human activities and natura
phenomena? How do such composition changes influence human well being and
ecosystem hedth?

The overall research approach isintegrated gpplication of long-term systematic observations,
laboratory and field studies, and modeling, with periodic assessments of understanding and
sgnificance to decisonmaking. Specific emphasis will aso be placed on national and
international partnerships, recognizing that such partnerships are necessitated by the breadth
and complexity of current issues and because the aimosphere links al nations.

Inlooking ahead a what the specific information needs associated with aimospheric
compostion will be, five broad chalenges are gpparent, with gods and examples of key
research objectives outlined below.

Question 1: What are the climate-relevant chemical and radiative
properties, and spatial and temporal distributions, of human-caused
and naturally occurring aerosols?

STATE OF KNOWLEDGE

Research has demonstrated that certain atmospheric particles (aerosols) cause cooling of the
climate system (e.g., sulfate), while others result in warming (e.g., black carbon or soot). When
climate modelsincorporate this knowledge, they simulate the observed trends much better.
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However, one of the largest uncertainties about the impact of aerosols on climate isthe diverse
warming and cooling influences of the very complex mixture of aerosol types and their spatid
digributions. Further, the poorly understood impact of aerosols on the formation of both water
droplets and ice crystasin clouds dso results in large uncertainties in the ability to predict
climate changes.

ILLUSTRATIVE RESEARCH QUESTIONS
What are the sources of aimospheric aerosols, and what are their magnitudes and
vaiahility?
What are the globa digtributions and radiative characteristics of agrosols?
What are the processes that control the spatid and tempora distributions and variability
of aerosols and that modify their chemica and radiative properties during transport, and
how well can these processes and resulting spatia distributions currently be smulated?
How do aerosols affect a cloud's radiative properties and ability to generate
precipitation?

RESEARCH NEEDS

A series of research activities are focusing on these questions. Remote-sensing insruments
paired with correlative in situ observations will provide better data on globa distributions of
aerosols, their temporad variahilities, and resulting changesin radiative balance. Emisson
estimates and supportive direct measurements are critica for assessng the baance of human
and naturd influences on aerosol digtributions. The exploration of critica aerosol and chemica
processes will involve fidd experimentation, some |aboratory studies, and modd devel opment
and testing. Diagnostic model estimates, assessed againgt observations, will characterize
aerosol-determined temperature change and its uncertainties. Measurements and models will
form the basis for describing the interactions of various types of aerosols and their impact on the
radietive effect of clouds.

PRODUCTS AND PAYOFFS

Improved description of the globa distributions of aerosols (2-4 years).

Empiricaly tested assessment of the capabilities of current modelsto link emissonsto

(1) globd digtributions and (ii) chemica and warming/cooling properties (and their

uncertainties) of atmospheric aerosols (2-4 years).

0 These capabilities will support the scenarios planned as decision support resources
by providing better estimates of the uncertainties associated with those smulations.

0 Because of the rdatively short atmaospheric residence times of agrosols, this
assessment will yield potentid options for changing radidive forcing within afew
decades, in contrast to the longer response times associated with CO..

An improved estimate of the indirect climate effects (e.g., on clouds) of aerosols,

compared to the benchmark of the Intergovernmental Panel on Climate Change (IPCC,

2001) (2-4 years).

More accurate detection and attribution of temperature changes and more accurate

andysis of climate mode projections (4-6 years).
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Better understanding and description of uncertainties about the physica and chemica
processes that form, transform, and remove aerosols during long- range atmospheric
transport (4-6 years).

Characterization of theimpact of human activities and natural sources on globa aerosol
digtributions (4-6 years).

Question 2: What is the current quantitative skill for simulating the
atmospheric budgets of the growing suite of chemically active
greenhouse gases and their implications for the Earth’s energy
balance?

STATE OF KNOWLEDGE

The increasing concentrations of atmospheric condtituents that absorb infrared radiation, such as
CO;, (see Chapter 8), methane (CH,), tropospheric ozone, nitrous oxide (N0), and the
chlorofluorocarbons (CFCs) are the primary gases that are forcing agents of globa climate
change. The anthropogenic emisson sources leading to the observed growth rates of CH, (the
second-mog influentia anthropogenic greenhouse gas) and N,O are quditatively understood
but poorly quantified (e.g., CH, emitted by rice agriculture). Trendsin tropospheric ozone (the
third-most influentia anthropogenic greenhouse gas) are not well determined and are driven by a
mix of emissons, including regiond pollutants and CH,. The atmospheric concentrations and
sources of the CFCs are well studied because of their role in stratospheric ozone layer
depletion. In addition to these gases, water vapor plays a strong role in amplifying greenhouse
warming (see Chapter 6). Observations and trends of this highly variable congtituent are
problemétic.

ILLUSTRATIVE RESEARCH QUESTIONS
Driven by the need to have a predictive understanding of the relationship between the emisson
sources of these gases and their globa ditributions and radiative forcing, severa question face
the research community. These include:
What are globa anthropogenic and naturd (biospheric — see Chapter 10) sources of
CH, and N,O?
Wheét are the causes of the observed large variationsin their growth rate?
What are the globa anthropogenic and natura sources (both biogenic and lightning-
related) of nitrogen oxides?
What are the trends in mid-tropospheric ozone, particularly in the Northern
Hemisphere, and how well can the variations be attributed to causes?
What water vapor observations will best test and improve the understanding of the
water vapor feedback?
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RESEARCH NEEDS
Field and laboratory studies, satdllite observations, and diagnostic transport/chemical modeling
arefocusng on these questions. Examples of activitiesare:

- Globa monitoring Sites to continue recording the growth rate of CH, and its variations.
Satellite observations to provide estimates of the globa distributions of tropospheric
ozone and some of its precursors (e.g., nitrogen dioxide).

Planned satdllite (Aura) measurements and focused field studies to better characterize
water vapor in the climate-critical area of the tropicd tropopause (the boundary
between the troposphere and the stratosphere).

Modd studies to Smulate past trends in tropospheric ozone to improve the
undergtanding of its contribution to radiative forcing over the past ~50 years.

Feld studies to characterize the regiona- and continental- scale changes occurring
between emission areas and global tropospheric ozone distributions, thereby providing
tests of and improvement in the ozone-related process representation of models.

PRODUCTS AND PAYOFFS

Observationaly-assessed and improved uncertainty ranges for future scenarios of the

radiative forcing of the chemicaly-active greenhouse gases, which will be part of the

2006 Climate Change Research Initiative (CCRI) suite of climate change scenarios.

0 Asareault, there will be abroader suite of options (i.e., in addition to CO,) for
potentid choices to influence radiative forcing, particularly in coming decades (4
years).

Better understanding of the processes that control water vapor in the upper troposphere

and lower gratosphere, resulting in improved input to the planned evauation of the

knowledge of water vapor feedback in climate models (4-6 years).

Question 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?

STATE OF KNOWLEDGE

Increased development in rapidly indugtridizing regions of the world has the potentid to impact
ar quality and ecosystem hedlth in regions far from the sources. Paeo-chemicd datafromice

cores and snow document past perturbations and demonstrate that even pristine areas, such as
Greenland, are influenced by worldwide emissons.

ILLUSTRATIVE RESEARCH QUESTIONS
Thisemerging picture is shaping severd policy-relevant questions, which indlude the following
examples
What are the chemica exposures experienced by food- producing areasthat are in
proximity to large urban areas?
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How do the primary and secondary pollutants from the world's megacities contribute to
globa atmospheric composition?

What are, and what contributes to, North American "background” levels of air quaity—
that is, what levels of pallution are beyond nationa control?

RESEARCH NEEDS
These questions are being addressed by measurements of key tropospheric congtituents,
including both globa mapping by satellites and intensive loca observations from surface sites or
arborne platforms, supported by andyses and modd smulations. The near-term goasinclude
thefollovwng
Characterize the outflow from polluted regions around the world, with an initia
emphasis on North American impact;
Understand the balance between long-range trangport and transformation of pollutants;
Establish basdline observations of atmospheric composition over North Americaand
globdly;
Quantify the inflow-outflow atmaospheric composition budget of North America and
project future changes, and
Carry out thefirg globd survey of verticaly-resolved distributions of tropospheric
ozone and its key precursor species.

PRODUCTS AND PAYOFFS
Description of the changes in the impacts of globa tropospheric ozone on rediative
forcing over the past decade brought about by clean air regulations (2-4 years).
A 21% century chemical basdine for the Pacific region, againgt which future changes can
be assessed (2-4 years).
An assessment of the vulnerability of ecosystemsto urban growth, with an emphasis on
food production (4-6 years).

Question 4: What are the time scale and other characteristics of the
recovery of the stratospheric ozone layer in response to declining
abundances of ozone-depleting gases and increasing abundances of
greenhouse gases?

STATE OF KNOWLEDGE

The primary cause of the stratospheric ozone depletion observed over the last two decadesis an
increase in the concentrations of indudtrialy-produced ozone- depleting chemicas. The depletion
has been sgnificant, ranging from afew percent per decade at mid-latitudesto grester than fifty
percent seasond losses a high latitudes. Notable isthe annually recurring Antarctic ozone hole, as
well as smdler, but il large, winter/spring ozone losses recently observed in the Arctic.
Reductionsin atmospheric ozone levels lead to increased fluxes of ultraviolet radiation at the
surface, with harmful effects on plant and animd life, including human hedlth. In response to these
findings, the nations of the world raified the Montreal Protocol on Substances That Deplete the
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Ozone Layer and agreed to phase out the production of most ozone-depleting chemicds. Ground-
based in situ and satellite measurements show that concentrations of many of these compounds are
now beginning to decrease in the lower atmosphere. In the absence of other atmospheric change,
as the atmospheric burden of ozone-depleting chemicadsfdlsin responseto internationa efforts,
stratospheric 0zone concentrations should begin to recover.

ILLUSTRATIVE RESEARCH QUESTIONS

How will changes in the atmospheric composition of greenhouse gases, such as CO, and
N0, and the resulting changes in the radiation and temperature balance (e.g., stratospheric

cooling), ater ozone-related processes?
How will changesin the physicd dimate affect the digtributions of ozone (eg., unusudly
cold Arctic winters and particle-enhanced ozone-10ss processes)?
What are the ozone-depleting and radiative forcing properties of new chemicds, such asthe
substitutes for the now-banned ozone-depl eting substances?

RESEARCH NEEDS
Improving our understanding of this complex and interactive ozone layer-climate sysem cals for
detailed investigation of the relationships between the distributions of ozone, water vapor,
aerosols, temperature, and relevant trace congtituents, notably chlorine and bromine compounds
and nitrogen oxides. Research needs include the following:
Continue globa monitoring of the changes in ozone-depleting substances and thelr
ubdtitutes and ng compliance with the Montred Protocol.
Test the "ozone and climate friendliness' of proposed substitutes with laboratory
chemistry and atmospheric models to provide early information to industry prior to large
plant investments.
Carry out focused arcraft, balloon, and ground-based campaigns, and chemical
trangport modeling activities with emphases on:
0 Cross-tropopause processes to better understand the ozone-depleting role of the
newly proposed, very short-lived (days to months) substances,
0 Theroleof particlesin accelerating ozone-loss chemigry; and
0 Stratospheric transport to better understand ozone-layer responses to climate
change.
Extend interagency and international satdllite observations of ozone trends, with an
emphasis on detecting and attributing recovery.
Continue monitoring of the trendsin ultraviolet radiation, particularly in regions of high
radiation exposure and high biologica sengtivity.

PRODUCTS AND PAYOFFS
In 2006, the internationa 0zone research community will provide decisonmakers an
updated assessment of the state of the ozone layer, including new ozone and ultraviolet
radiation trends, andlyss of compliance, and forecasts of recovery. Thissxthinthe
series of "operationd™ products of the ozone science community is akey to
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accountability in thisissue; namely, is the outcome expected from internationd actions
being observed?

Question 5: What are the couplings among climate change, air
pollution, and ozone layer depletion, which were once considered as
separate issues?

STATE OF KNOWLEDGE

The atmosphere does not segregate atmospheric composition phenomena by scientific discipline
or societal issue. For example, research has demongtrated that stratospheric ozone depletion
not only causes increased exposure to ultraviolet radiation at the surface, but also exerts a
cooling influence on the globd dimate. Conversdy, cdlimate-related changes may cool the lower
stratosphere and increase the depletion of the ozone layer a high latitudes. Formation of
tropospheric ozone, previoudy of concern primarily as a component of smog, is not only aloca
hedth risk, but also exerts awarming influence on the globa dimate. Emissons of sulfur dioxide
from fossl-fuel combustion not only lead to the formation of regiond acid rain, but aso
contribute to the hemispheric sulfate aerosol haze, which exerts a cooling influence on the global
climate system. It isnow dear that multiple issues that have been treated separately by
scientists and policymakers dike are indeed coupled phenomena

ILLUSTRATIVE RESEARCH QUESTIONS
How do actions taken or considered with regard to one issue influence other issues,
positively or negetively?
What are the multiple stresses that climate change, ozone layer depletion, and regiona
ar qudity exert on humans and ecosystems?

RESEARCH NEEDS
Build and evauate diagnostic/prognostic models of the coupled climate, chemigtry,
transport, and ecologica systems (in collaboration with other eements of the program).
Synthesize the understanding of the impacts of multiple stresses on humans (e.g., heat
and air quality) and ecosystems (e.g., soil moisture and chemica exposure).
Build and evaduate models that couple the biogeochemica systems with the
decisonmaking frameworks.
Carry out multiple issue sate-of- understanding assessments, in partnership with the
gpectrum of stakeholders, with the aim of characterizing integrated “If..., then...”
options.

PRODUCTS AND PAYOFFS
A policy-relevant assessment of the issues reated to intercontinental transport and the
climatic effects of air pollutants, in order to provide scientificaly sound information to
policymakers for congderation in developing integrated control strategies to benefit both
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regiond air qudity and globd climate change, and to assess locd atainment of air
qudity standards (2-4 years).

A State of the Atmosphere: 2006 report that describes and interprets to the Nation
the annual status of atmospheric phenomena such as aimaospheric composition, ozone
layer depletion, temperature, rainfall, and ecosystem exposure (see Chapter 3).
Diagnostic/prognostic models of the coupled climate, chemistry/transport, and
ecologicd systems (in collaboration with other eements of the program).

A process that bridges various issues and stakeholdersin order to conduct multiple-
iSsue integrated assessments.

Key Linkages

The Atmospheric Composition research focus is linked via co-planning and joint execution to
severd nationd and international planning and coordinating activities. A few examplesare:

USGCRP/CCRI:

0 Interaction with the US Globa Change Research Program (USGCRP) Climate
Variability and Change (Chapter 6) and Water Cycle (Chapter 7) components,
induding radiative forcing input to climate modd smulations, aswell as
characterization of other composition—climate processes (e.g., impact of aerosols on
cloud formation and precipitation).

0 Interaction with the CCRI Scenarios near-term focus (Chapter 4), providing explicit
amulations of emissions, aimospheric compaogtion, and radiative forcing changes.

0 Interactions with the USGCRP Carbon Cycle component (Chapter 9) for CH,
changes, Ecosystems (Chapter 10) for assessing chemica impacts, and Human
Contributions (Chapter 11) for health impacts.

Interagency Programs: Joint planning, such asthe Nationa Aerosol-Climate

Interactions Program (NACIP) isamgor vehicle for carrying out USGCRP/CCRI

objectives.

Committee on Environment and Natural Resources: Air Quality

Research Subcommittee (AQRS): Joint research on the global/continental scales

of the USGCRP and on the regional/local scaes of the AQRS (globd influences on the

"naturd background" of ar pollutants and linkages with the stakeholders via the

AQRS).

International Global Atmospheric Chemistry (IGAC): IGAC, aCore

Project of the Internationa Geosphere- Biosphere Programme, coordinates severa

international projects focused on the chemistry of the globd troposphere and its impact

on the radiative balance, such asthe new Intercontinental Trangport and Chemical

Transformation project, which involves Asan, North American, and European

researchers.
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CHAPTER 6

CLIMATE VARIABILITY AND CHANGE

This chapter’s contents...

Quedtion 1. What is the sengitivity of climate change projections to feedbacks in the climate
sysem?

Quesgtion 2. To what extent can predictions of near-term climate fluctuations and projections of
long-term climate change be improved, and what can be done to extend knowledge of the limits
of predictability?

Quedtion 3. What is the likelihood of climate-induced changes that are sgnificantly more abrupt
than expected, such as the collgpse of the thermohaline circulation or rapid meting of the mgjor
ice sheets?

Question 4. Whether and how are the frequencies, intengties, and locations of extreme events,
such as mgor droughts, floods, wildfires, heat waves, and hurricanes, dtered by naturd climate
variations and human-induced climate changes?

Question 5. How can interactions between producers and users of climate variability and change
information be optimally structured to ensure essentia information needed for formulating
adaptive management drategiesisidentified and provided to decisonmakers and policymakers?

Key Linkages

Climate variahility and change profoundly influence socid and naturd environments throughout
the world. The consequent impacts on natural resources and industry are large and far-
reaching. For example, seasond to interannua climate fluctuations determine the success of
agriculture, the abundance of water resources, and the demand for energy, while long-term
climate change may sgnificantly ater landscapes, recreationa activities, agricultura productivity,
and the sarvices that ecosystems supply. Recent advances in climate science are beginning to
provide information for decisionmakers and resource managers to better anticipate and plan for
potentia impacts of climate variability and change. Further advances in climate sciences will
subgtantialy improve our nationa capabilities to apply science-based information to increase
economic efficiency and better protect the environment.
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Over the past decade, globd change research has indicated that: decreases in Northern
Hemisphere sea ice extent exceed what would be expected from naturd variability alone; large
climate changes can occur within decades or less, yet last for centuries or longer; and the
observed global warming during the 20" century exceeds the natural variability of the past
1,000 years. Moreover, model smulations that incorporate afull suite of natura and
anthropogenic forcings have indicated that the observed changes over the past century are likely
condstent with a contribution from humean activity.

Globa change research has dso sgnificantly advanced our knowledge of the tempord and
gpatid patterns of climate variability. Subgtantia improvementsin our ability to monitor the
upper tropica Pecific Ocean now provide the world with an "early warning" system that shows
the development and evolution of El Nifio-Southern Oscillation (ENSO) events as they occur.
Thisimproved observationd system, together with a greetly improved understanding of the
mechanisms that produce ENSO, have led to sKillful climate forecasts at lead times of up to a
few seasons. This developing capability has given the world an unprecedented opportunity to
prepare for, and reduce vulnerabilities to, this mgor natura climate phenomenon.

Research supported by the US Global Change Research Program (USGCRP) has played a
leading role in these scientific advances, which have provided new climate information to help
the public and decisonmakers better anticipate and mitigate potentid effects of climate
variability and change. While progressin this area has been impressive, there ill remain many
sgnificant unresolved questions about key aspects of the climate system, including some that
have enormous societd and environmenta implications. For example, we are just now
beginning to understand how dimate variability and change may influence the loca and regiond
occurrence and severity of extreme events such as hurricanes, floods, droughts, and wildfires.
We have identified severa mgor recurrent natura patterns of climate variability other than
ENSO, but do not yet know to what extent they are predictable. Our predictive capabilities at
local and regiona scales show promise in some regions and for some phenomena, but are il
quite poor in many ingances. We have yet to obtain confident estimates of the likelihood of
abrupt globa and regiond climate trangitions, dthough such events have occurred in the past
and, in some climate moddl smulations, have been projected to occur within this century.
Perhgps most fundamentaly, we do not yet have a clear understanding of how these natura
climate variations may be modified in the future by human-induced changesin the climate,
particuarly a regiona and loca scaes, and how emerging information about such changes can
be used most effectively to evduate the vulnerability and sustainability of both human and natura
systems.

The transformation of knowledge gained from climate research into information that is useful in
supporting decisons presents many chalenges, aswell as sgnificant new opportunitiesto forge
essentia relationships between the climate research community and the rapidly expanding base
of public and private sector users of dimate information. For continued progress over the next
decade, research on climate variability and change will focus on answering two overarching
questions:

Draft Date: November 19, 2002 69



O o0 ~NO UL WNPE

[
= O

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

35
36
37

DRAFT

How are the climate elements* that are important to human and
natural systems, especially temperature, precipitation, cloudiness, and
storminess, affected by variations and changes in the Earth system that
result from natural processes and human activities?

How can emerging scientific findings on climate variability and change
be further developed and communicated to most effectively meet the
needs of policymakers and public and private sector decisionmakers, in
order to enhance human well-being, strengthen the economy, and
reduce risks and vulnerability of climate-sensitive activities and
resources?

* Asused in this chapter, climate elements refersto climate variables, such as clouds,
temperatures, winds, and precipitation, while climate effects refersto socia, economic, or
environmental consequences that are directly related to (but whose impacts are not uniquely
controlled by) climate variability and change, such asfloods, droughts, wildfires, and sealeve
changes.

Providing policy and decison-relevant answers to these questions will require new research
infragtructure thet includes:
Establishment of a highly focused and adequatdly funded modeling and prediction
activity (see Chapter 4);
A high-leve international commitment to a sustained, long-term observing system of a
qudity adequate for climate research and assessments (see Chapters 3 and 12); and
A standing, research-based infrastructure that brings together the evaluated scientific
information required by public and private sector decisionmakers and resource
managers and needed to support national and internationd climate assessments (see
Chapter 4), which is largely dependent on redlizing Sgnificant gains on the preceding
issues.

In addition, a coordinated research management effort will be essentia to ensure a broad- based
and collaborative research program spanning academic inditutions, government laboratories,
and other public and private sector expertise in order to provide sustained basic research into
the mechanisms of climate processes and their interactions; and advanced graduate and post-
doctord training for the next generation of climate scientigs.

The research effort will require improvements in paleoclimatic information as well as modern
observationd data systems, because in genera the latter have been present for too short atime
to extract robust fegtures of climate variability on decadd time scales, or to identify climate
varigbility on centennid to millennid time scdes. For example, in the Arctic, few dimate stations
have records extending back beyond 50 years but those that do indicate that the Arctic warmed
by about 1°—2°C between 1910 and 1945. Paeoenvironmenta data collected from a network
of lakes, wetlands, tree-ring Sites, ice cores, and marine sources further demongtrate that both

Draft Date: November 19, 2002 70




~NOoO ok WN Rk

© 00

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

35
36
37
38
39

DRAFT

the magnitude and spatial extent of 20" century Arctic warming may be unprecedented over the
past 400 years.

As described in the following section, the overarching policy-relevant questions in the areas of
climate variability and change can mogt effectively be addressed by focusing attention on five
key science questions and their associated research objectives.

Question 1. What is the sensitivity of climate change projections to
feedbacks in the climate system?

STATE OF KNOWLEDGE

The rangein estimates of climate sengtivity accounts for amgor part of the range of projections
for long-term changes in the dlimate. Climate sengitivity is ameasure of the climate s response
to changes in the Earth’ s radiative baance, (e.g., the change caused by a doubling of the
atmospheric concentration of carbon dioxide (COy)). Pest research hasidentified important
climate feedback processes (e.g., cloud formation, atmospheric convection, and ocean
circulation) that amplify or diminish the influence of radiaive perturbations. World-class climate
modds exhibit alarge range in the estimates of the strengths of these feedbacks, with the mgor
US models used in recent Intergovernmental Pand on Climate Change (1PCC) assessments
lying close to the opposite ends of thisrange. The uncertainty that this range in climate
sengtivity introduces to the overal findings makes US modds an ided setting for investigating
sengtivities to feedbacks. In addition, al current climate modd s fail to accurately smulate
certain climate system processes and their associated feedbacks due to anthropogenic forcing.

Among the least well-represented processes are ocean mixing, which to alarge degree controls
the rate of projected globa warming; and atmospheric convection, hydrologica, and cloud
processes, which strongly influence the magnitude and geographicd digtributions of globa
warming. These deficiencies are thought to be related to both limits in understanding the physics
of the dimate sygem and insufficient fine-scale treatment of the key processes, together
contributing significantly to model uncertaintiesin projections of climate change. Asareaullt,
limitationsin mode representations of climate feedbacks and climate sengtivity create Sgnificant
uncertainties in estimating the impacts of future climate change, in consideration of response
drategies, and ultimately in formulation of optima environmental and energy policies.

High priority research will focus on severa sub-questions:
What are the key feedbacks in the climate system that determine the magnitude and time
histories of climate changes for a specified radiative forcing, and how and to what extent
can uncertainties in these feedbacks be reduced?
How senstive are climate change projections to various srategies for limiting changesin
radiative forcing, such as by enhancing biogeochemica sequedtration or limiting changes
in land use and cover?
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How can observations of the Earth’s past variationsin climate be used to reduce
uncertainties concerning climate sengtivity and feedbacks and to provide bounds for the
mgor dements of climate change projections for the next century?

How may information about climate sengtivity and feedbacks be used to develop
effective drategies for the design and deployment of observationd systems?

RESEARCH NEEDS

This research will require the undertaking of coordinated observation, process, and modeling
programs by teams of scientists with diverse interests and focused common goas. One
mechanism for focusing the research will be through Climate Process Teams (CPTs). CPTswill
enable the research community to work together to rapidly identify, focus attention on,
characterize, and ultimately reduce uncertainties in climate model projections. For problems
that are generic to dl climate models, the teams of climate process researchers, observing
system specidists, and modders will work in partnership with designated modeling centers (see
aso Chapter 4, section on Applied Climate Modeling).

PRODUCTS AND PAYOFFS
Refined estimates of the role of climate feedback processesin affecting climate senstivity
and improvementsin their representation in climate models, leading to a narrowing of the
range of climate mode projections (2-4 years).
More certain estimates of the globa and regiond manifestations of future changesin
dimate (5-15 years).
Increased understanding and confidence in attribution of the causes of recent and
historica changesin the dimate (2-4 years).
More accurate estimates of the response of the climate to different emisson (e.g., CO;
and aerosols, including black soot) and land use scenarios (2-4 years).
More useful information for improving the effectiveness of globa obsarving systems,
including deployment of new systems and re-deployment of existing systems, as needed
(2-4 years).

Question 2. To what extent can predictions of near-term climate
fluctuations and projections of long-term climate change be improved,
and what can be done to extend knowledge of the limits of
predictability?

STATE OF KNOWLEDGE

Smuldions of past climate events as documented in observed or paleoclimatic data, and for
which estimates of climate forcings have been obtained, are an effective and practica meansfor
assessing the scientific credibility of climate models. Such smulations aso enable detailed
invedtigations of naturaly recurring modes of climate variability. Past research has identified a
few modes, or patterns, of varighility, which have a disproportionately large influence on global
and regiond climates. These include ENSO, the North Atlantic Oscillation (NAO), the Arctic
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Oscillation (AO), the Pecific Decadd Oscillation (PDO) and the monsoon systems. Asthe
global observation network becomes more complete and long-lived, further exploration of
Southern Hemisphere modes will provide a clearer perspective of globd climate variability.

Our knowledge of the mechanisms and processes that produce and maintain these natura
climate modesis limited, and thus model smulations and projections inadequately represent their
influences. Thisincreases the uncertaintiesin climate projections and in estimates of the limits of
climate predictability. In addition, while the models smulate reasonably well satistics of
observed global average characteridics of climate varigbility and the global average structure
of climate trends, important details of seasond and regional-scale variability are poorly
amulated. Indeed, the predictability of regiond climate and of coupled climate system behavior
isjust beginning to be studied, dthough such issues are fundamentad to addressing many of the
“If..., then...” questions posed by decisonmakers. This research poses mgor science
chalenges because of the less-advanced states of coupled and regiona climate models relative
to models of the global atmosphere.

ngh priority research will seek answers to the following subsdiary questions:
How can advancesin observations, process understanding, and modeling of tropical
ocean vaiability, especiadly related to ENSO, be exploited to further improve climate
predictions on seasona to decada time scales?
How long doesit take for the climate to equilibrate after responding to changesin the
land surface, the deep ocean, or seaiice, and how doesthis “memory” contribute to
climate predictability on multi-year to decadal time scales?
How are changes in oceans, ice cover, the solid earth, and terrestrial storage currently
influencing sealevel, and what will be thair influence on sealeve in the future?
What isthe potentid for improved representation of modes of climate variability, such as
the PDO and the AQ, to extend and improve climate predictions?
How might human-induced changes that affect the climate system, such as changesin
atmospheric composition and aerosols, or changesin ground cover and land use, dter
dimate forcing and hence climate variability and predictability?
How do current and projected climate changes compare with past changes and
vaiaionsin the dimate in terms of patterns, magnitudes, and regiond manifetations?
For example, is the magnitude and time scale of the observed 20™ century warming of
the Arctic unprecedented in the last 1,000 to 10,000 years?

RESEARCH NEEDS

Essentid needs include the development of, and support for, long-term, sustained climate
modeling and observing systems; retrospective data including new high-resolution paeoclimate
datasets, field observations and process studies, and current operationa data necessary for this
research; and focused research efforts (e.g., CPTS) to improve climate prediction and
projection models. Instrumental sealevel observations, geodetic reference frame
measurements, ice sheet and glacier volume estimates, as well as advanced modding are
required to further refine sealeve change projections. Other research needs include data sets
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Improved predictions of ENSO, particularly the onset and decay phases (2-4 years).
Provision of probahilistic estimates of regiond fluctuations in the climate resulting from
ENSO extremes (5-15 years).

An assessment of potentia predictability beyond ENSO, e.g., PDO, AO, monsoons (5-
15 years).

Extended, model- based data sets to assess predictability and develop new approaches
to improving seasond to interannud dimate predictions (2-4 years).

Predictions of regiond patterns of different modes of climate variability (5-15 years).
Development and extendion of critica data sets, including model-based reanayses, to
improve attribution of causes of long-term cdlimate variations (2-4 years).
Improvements in the projections of mgor modes of climate variability (see Question 1)
(5-15 years).

Improved ahility to criticdly evaduate the strengths and weaknesses of climate
projections, such asthose carried out for the IPCC (5-15 years).

A new estimate of ocean thermd expanson from amerger of observation and model
analyses (2-4 years).

A new estimate of sealevd rise that incorporates the most recent ice sheet and glacier
change estimates (2-4 years).

Improved representation of processes (e.g., therma expangon, ice sheets) criticd for
smulating and projecting sealeve changes (5-15 years).

An online database of paeodimatic time series and GI S-based maps of high frequency
(annual to decadd resolution) Arctic climate variability over the past 2,000 years (2-4
years).

An improved ability to separate the contributions of natura versus human-induced
climate forcing to dimate variations and change, resulting in more credible answersto
“what if” policy-related questions (5-15 years).

More advanced knowledge about the changesin naturd variability that may result from
anthropogenic forcing (5-15 years).

Research to address Questions 1 and 2 will provide essential support to the United States and
internationa decisionmakers and resource managers and will assst climate assessment efforts by
increasing understanding of critical processes required to evaluate and improve mgjor climate
models (see Chapter 4, and Chapter 11).
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Question 3. What is the likelihood of climate-induced changes that are
significantly more abrupt than expected, such as the collapse of the
thermohaline circulation or rapid melting of the major ice sheets?

STATE OF KNOWLEDGE
Paeoclimatic data have reveded that abrupt regiond-to-globa climate changes have occurred
often in the past, and some models suggest the possibility for abrupt changes during the 21%
century. We have learned a great ded about the structure and geographic extent of past abrupt
climate changes, but much remains unknown about their causes and probatilities, leading to
subs dlary guestions such as.
What are the primary natural mechanisms for abrupt climate changes?
How common are they, based on past climate records?
How soon might future abrupt changes be expected to occur and what would be the
expected globa and regiond manifestations of such changes?
What is the nature and extent of abrupt climate change in the Holocene? Are these
stochadtic events or the result of periodic forcing?
What are the environmental consegquences of extreme warming in the Arctic and how do
these changes feed back to the globd climate system?

RESEARCH NEEDS

Improved paeoclimatic information will be essertid for analyzing past aorupt climate change.
This research will dso require the development and implementation of expanded observing and
monitoring systems, particularly for key regions or phenomenathat may be especialy vulnerable
or contribute most strongly to abrupt climate change, such asthe tropica oceans, the Arctic and
Antarctic regions, and the thermohdine circulation of the ocean. Moreover, significant research
into how to numericadly modd the full three-dimengond circulation of the ocean will be required
in order to accurately project the time scales and impacts of abrupt changes in thermohaine
circulation.

PRODUCTS AND PAYOFFS
Quantitative estimates of the probabilities and risks of aorupt globa and regiona
climate-induced changes, such as the collgpse of the thermohaline circulation or abrupt
sealeve rises, aswell as the potentia for climate “surprises,” to support development
of informed environmenta policies and adaptation srategies (5-15 years).
Improved understanding of thresholds and nonlinearities in the climate system, especidly
for coupled atmosphere-ocean, oceanic deepwater, hydrology, land surface, and ice
processes (5-15 years).
Improvements in paleoclimatic data related to abrupt climate changes (5-15 years).
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Question 4. Whether and how are the frequencies, intensities, and
locations of extreme events, such as major droughts, floods, wildfires,
heat waves, and hurricanes, altered by natural climate variations and

human-induced climate changes?

STATE OF KNOWLEDGE
Past research has revealed strong relationships between mgor modes of climate variability and
extreme events, for example, between ENSO and severe flooding in otherwise dry regions, and
between the AO/NAO and extreme temperature anomalies in high latitude regions. Limited
progress has been made in devel oping methods to downscale information provided by climate
models to spatid and temporal scaes relevant to those of extreme wegather and climate events,
including droughts, floods, heat waves, wildfires, hurricanes, and sorm surges. Scientific
understanding is currently inadequate to answer subsidiary questions such as.
- What arethe main climatic and hydrologica causes of floods and droughts (see dso
Chapter 7)?
How are climate extremes, intengties, frequencies, and locations likely to change over
the next century in the United States, and what are the causes of these changes?
What is the potentia 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 dueto rising sea
levels?
How can the emerging findings of climate science be best formulated to contribute to
evauation of societd and environmentd vulnerability and opportunities?
To what extent are extreme events predictable?

RESEARCH NEEDS

This research requires high-resolution observations in key regions and sectors to evaluate regiona
projections, and improved capabilities to mode climate variations and change on regiona and loca
scales through finer globa modd resolution, nested mode gpproaches, and/or other downscaling
techniques. This research aso requires extensive hydrological data sets and more sophisticated
coupled physical climate-land surface-hydrology models (see Chapter 7).

PRODUCTS AND PAYOFFS
A rapid-response attribution product to aid in interpreting the causes of high-impact
climate events, such as mgor droughts or unusualy cold or warm seasons (2-4 years).
An assessment of how climate extremes are likely to change over the United Statesin
the next century, if that proves possble, including probabilistic estimates of changein the
digtribution, frequency, and intensity of extreme weether events that may result from
naturd variability and human influences on dimate (5-15 years).
Annudly resolved records of North American drought over the last 800 years (2-4
years).
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A geographical information system that includes distribution and frequency data.on
current extreme events, and current locations of vulnerable populations and
infragtructure. This system will be coupled with potentia scenarios of change in both
extremes and vulnerabilities to identify potentia strategies for reducing disaster-related
losses (5-15 years).

Question 5. How can interactions between producers and users of
climate variability and change information be optimally structured to
ensure essential information needed for formulating adaptive
management strategies is identified and provided to decisionmakers

and policymakers?

STATE OF KNOWLEDGE

Research in this area focuses on climate information needs for integrated assessment and risks
management. Ongoing assessment activities have focused on particular end users, such as
water managers, to determine how scientists can accelerate development of products that are
more useful to decisonmakers, and thereby improve the vaue of climate information that can be
provided to address a broad range of socid, economic, and environmental issues. Outstanding

questio

nsinclude:

Wheat are the regions and sectors for which improved climate information is most
important, and who are the decisonmakers for whom such information would be most
usful?

What types of new climate information would provide the greatest potentia for benefits,
and what specific types of dimate information would be most useful in formulating
adaptive management drategies?

What are the mogt likely vulnerabilities and opportunities arisng from climate variability
and potentid future climate changes, and what climate indicators would be of the most
benefit in assessing climate vulnerability and resilience in sectors such as agriculture,
water, and other environmental resources, and for assessing other potential societa
impacts (pogitive and negative), including human hedth? With what frequency and
timing do these indicators need to be provided in order to dlow maximum adaptive
response to climate-induced change?

What are potentia entry points and barriers to the use of climate information, and how
can access to and understanding of climate information and predictions be accelerated
and smplified to redize their greatest vaue to the scientific community, public, and
decisonmakers?

RESEARCH NEEDS

The sdientific underpinnings for this research are the observationa, diagnostic, and modeling
expertise required to develop new product lines at regiond levels, link globa to regiond climate
variability and change, and infuse advances in science and technology into new climate
information products. Increasing understanding of regiond climate variability under current
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conditionsis vitally important in developing downscaing methods for future climate scenarios
derived from climate change modd smulations, interpreting how the regiona climate changes
are likely to produce societdl and environmental impacts, and thereby darifying options for
adaptation or mitigation Strategies.

Mg or research needs will be to improve capabilities to describe, interpret, and predict climate
vaiaaility and change and their potential consequences a regiond scales, much of whichis
contingent on improving understanding of the range of fundamental scientific issues associated
with globd climate change that are outlined in this strategy. Regiond “test beds’ or
“enterprises’ will be required to develop and evauate the effectiveness and potential use of
climate information at regiond scaes. Such test beds will enable more effective, sustained
interactions between the climate research community and the rapidly expanding base of users of
climate information, particularly on regiond to loca scaes.

PRODUCTS AND PAYOFFS
Climate monitoring and forecast capatiilities for regiond gpplications and risk reduction
(5-15 years).
Focused regiona climate discussions and assessments, including characterization of
uncertainties (2-4 years).
Enhanced extreme event monitoring, including higher resolution drought monitoring (5-
15 years).
An assessment of the adequacy of exigting operationd climate monitoring networks to
provide regiond decison support, and to identify mgjor data gaps in addressing critica
regiond and policy issues (5-15 years).
Development of red-time quantitative hazards assessments down to regional scales (5
15 years).
A new cgpability to implement focused rapid responses in anticipation of predictable
climate anomdies and in response to extreme events (e.g., regiona impacts of ENSO;
response to mgjor droughts) (5-15 years).
Improved documentation of the regiona impacts of climate extremes, and evauation of
implications for potentid future climate change (5-15 years).
Improved access to climate information and products for addressing regiona concerns
and issues (5-15 years).

Key Linkages

Owing to the complex and coupled nature of the climate sysem it is critically important for the
Climate Variability and Change research community to work cooperatively with other Climate
Change Research Initiative and USGCRP research eements and other programs. Chief among
these are the Water Cycle (Chapter 7), Carbon Cycle (Chapter 9), and Atmospheric
Composition (Chapter 5) dements and other national and international programs that contribute
to climate observations and research.

Draft Date: November 19, 2002 78




O o0 ~NO UL WNPE

PR RERRRP R
~No oo WDNEO

DRAFT

Waer isakey dement in dl five Climate Variahility and Change questions. Asnoted in
Chapter 7, the water cycleisan integrd part of the Earth’s climate system (through processes
involving, for example, evaporation, clouds, precipitation, snow packs, groundwater, floods,
and droughts, and through feedbacks and interactions involving them). Atmospheric
Composition and the Carbon Cycle are also key elements for Questions 1, 2, and 3.

| nteractions with other research elements, specifically Ecosystems (Chapter 10), Land
Use/Land Cover Change (Chapter 8), and Human Contributions and Responses (Chapter 11),
are d 0 required to successfully implement the Climate Variability and Change research agenda
Moreover, internationally coordinated research programs such as the World Climate Research
Programme (WCRP) and its projects Climate Variability and Predictability (CLIVAR),
Stratospheric Processes and their Role in Climate (SPARC), Climate and Cryosphere (CliC),
the Globa Energy and Water Cycdle Experiment (GEWEX); aswell asthe Internationd
Geosphere-Biosphere Programme (e.g., PAGES pa eoscience project), are critical for
developing globa infrastructure and research activities designed to ensure that globa aspects of
climate variability and change are addressed.
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CHAPTER 7
WATER CYCLE

This chapter’s contents...

Question 1: To what extent does the water cycle vary and change with time, and what are the
interna mechanisms and externd forcing factors, including human activities, respongble for
variability and change?

Question 2: How do feedback processes control the interactions between the global water
cycle and other parts of the climate system (e.g., carbon cycle, energy), and how are these
feedbacks changing over time?

Question 3: What are the key uncertainties in seasond to interannua predictions and long-term
projections of water cycle variables, and what improvements are needed in globa and regiona
models to reduce these uncertainties?

Quedtion 4: How do the water cycle and its variahility affect the availability and quality of water
supplied for human consumption, economic activity, agriculture, and natura ecosystems; and
how do its interactions and variability affect sediment and nutrient transports, and the movement
of toxic chemicals and other biogeochemical substances?

Question 5: What are the consequences of globa water cycle variability and change, at arange
of temporal and spatia scaes, for human societies and ecosystems? How can the results of
globa water cycle research be used to inform policy and water resource management decision
processes?

Key Linkages

The globd water cycleisanintegrd part of the Earth/dlimate system, manifesting itsdf through
many processes and phenomena, such as clouds, precipitation, mountain snow packs,
groundwater, droughts, and floods. The cycling of water exerts an important control on climate
variability as aresult of its complex feedbacks and interactions with other components of the
climate sygtem. Many of the uncertainties with repect to long-term changesin the dimate
system and their potentia impacts, as described in Intergovernmental Pand on Climate Change
(IPCC) reports, arise from our inadequate understanding of, and inability to modd, water cycle
processes as they feed back on the climate system. In particular, clouds, precipitation, and
water vapor produce feedbacks that dter surface and atmospheric heating and cooling rates,
and redigtribution of the associated heat sources and sinks lead to adjustmentsin atmospheric
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circulation and precipitation patterns. The current ingbility to adequately represent these
complex multiscale processes in climate modds is amgor source of uncertainty in long-term
climate change projections and impacts, and seasond to interannud climate forecasts.

The needs for adequate supplies of clean water and advance preparations for extreme
hydrologic events, such as floods and droughts, pose mgor challengesto socid and economic
development and to the management of natural resources and ecosystems. Water supplies are
subject to arange of stresses, such as population growth, pollution and industria and urban
development. These stresses are exacerbated by variations and changes in climate that dter the
hydrologic cyclein waysthat are currently unpredictable. These concerns are documented in a
recent report on research needs and opportunities, A Plan for a New Science Initiative on
the Global Water Cycle (Hornberger et a., 2001). Thisreport identified questions and
drategies for research on climate change and water cycle trends, prediction, and the linkages
between water and nutrient cyclesin terrestrial and freshwater ecosystems.

Advances in observing techniques, combined with increased computing power and improved
numerica models, now provide new opportunities for significant scientific advances through a
concerted, integrated Globa Water Cycle research effort. Recently, reasonably accurate
predictions of variations in the water cycle have been produced for some years in some regions.
This new capability to produce credible predictions provides a basis for dia ogue between the
scientific community and water system and land manegers. This didogue is enabling the
research community to understand decisonmakers management processes and information
needs. It will aso identify opportunities for improving the adaptability of infrastructure and
management practices to runoff variations, long-term changes and extremes.

To address the urgent need for better information on the water cycle, the Climate Change

Science Program (CCSP) is planning its Goba Water Cycle research program around two

overarchmg questions, namely:
How do water cycle processes (including climate feedbacks) and human
activities influence the distribution and quality of water within the
Earth system, and to what extent are changes predictable? How are
these processes and activities linked to the cycling of important
chemicals, such as carbon, nitrogen, other nutrients, and toxic
substances, and how do they affect human and ecosystem health?
How will large-scale changes in climate, demographics, and land use
(including changes in agricultural and land management practices),
affect the capacity of societies to provide adequate supplies of clean
water for human uses and ecosystems and respond to extreme
hydrologic events?
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Question 1: To what extent does the water cycle vary and change with
time, and what are the internal mechanisms and external forcing
factors, including human activities, responsible for variability and

change?

STATE OF KNOWLEDGE

Recent observations suggest thet there have been notable changesin critical water variables:
precipitation amounts, location, and type; surface and subsurface runoff; cloud cover, both
amount and type; atmaospheric water vapor; soil moisture; groundwater; etc. Although
techniques for measuring many of these variables have improved, the number of observationsis
limited and, in some cases, new sensors are needed. Current models cannot properly smulate
the globd water cycle. Moreover, we cannot definitively attribute observed trends to human
induced climate changes as opposed to naturd variability.

ILLUSTRATIVE RESEARCH QUESTIONS
How have the characterigtics of the water cycle changed in recent years, and are the
changes due to naturd variability or human induced causes?
What are the key mechanisms and processes respons ble for maintaining the globa
water cycle and its variability over those pace and time scales revant for climate?
How are the rates of regiona groundwater recharge, soil moisture availability, and
runoff production affected by changing globa precipitation patterns, vegetation
distributions, and cryospheric processes (processes occurring in frozen regions)?
How have changes in land use and water management infrastructure and practices
affected trendsin regiond and globa water cycles?

RESEARCH NEEDS

New observing capabilities, both satdllite and in sizu, will be critical to detecting paiterns and
quantifying fluxes, especidly insruments for globa measurement of terrestrid water cycle
variables such as soil moisure. Exiding in situ networks need to be maintained and enhanced,
and data sets devel oped to ensure consistency between historical and new observations.
Network enhancements and open data exchange are needed to address water quantity issuesin
critical areas such as high mountain areas and river deltas. Also needed are new data
assimilation techniques that combine different kinds of data, and data with varying spatia and
tempora characterigtics, to produce consistent data products for research and process studies
of key water cycle variables, such as clouds, precipitation, and soil moisture. Complementary
research is planned under the Land Use/Land Cover Change program (Chapter 8).

PRODUCTS AND PAYOFFS
Documentation of trends in key variables through data analysis and comparison with
model-smulated trends to evauate uncertainty in climate predictions for policy
developers (2-5 years).
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Integrated long-term globa and regiond data sets of critica water cycle variables from
satellite and in situ observations for monitoring climate trends and early detection of
climate change (5-15 years).

Improved regiona water cycle process parameterizations based on process sudies
conducted over regiona test beds to improve the rdiability of climate change
projections (5-15 years).

Question 2: How do feedback processes control the interactions
between the global water cycle and other parts of the climate system
(e.g., carbon cycle, energy), and how are these feedbacks changing
over time?

STATE OF KNOWLEDGE

Asgloba temperatures warm, the aimosphere will hold more moisture. Given the same carbon
dioxide (CO,) increase, climate modds produce different rates of warming and drasticaly
different patterns of circulation, precipitation, and soil moisture depending on their
parameterizations (Smplified representations) of basic water cycle processes. Thislarge
discrepancy in modd predictions indicates that the representation of key water cycle processes
isrudimentary at best. A better understanding of these changes and the consequences of sub-
grid processes (processes occurring at smaller scales than the model grid size) are needed to
improve the rdiability of climate projections. In particular, while some progress has been made
in cloud parameterizations, the representation of clouds and cloud processes remains the
greatest uncertainty in climate models. Further, cloud processes are inextricably linked to other
critical water cycle processes.

ILLUSTRATIVE RESEARCH QUESTIONS
What is the 9gn and magnitude of the net water vapor-cloud-radiation-climate feedback
effect and how doesit vary with latitude and season?
How do changes in water vapor and water vapor gradients, from the stratosphere to the
surface, affect climate variables such as radiation fluxes, surface radiation budgets, cloud
formation and digtribution, and precipitation patterns, globaly and regiondly?
How do aerosals, their chemical compaosition, and distribution affect cloud formation
and precipitation processes and patterns?
How do freshwater fluxes to and from the ocean that affect the globa ocean circulation
and dlimate vary, and how may they be changing?
How do changesin globa and regiond water cycles feed back on biogeochemical
processes (e.g., vegetative growth and carbon sequestration), in cold regions where
climate change is expected to have a substantial impact on permafrost melting, seasond
snow packs, and freeze/thaw cycles?
How do changesin globa and regiona water cycles feed back on tropical and higher-
latitude regions in the form of dtered frequencies of droughts, floods, and storms,
including hurricanes?
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RESEARCH NEEDS

Modd development will be accderated by interdisciplinary field studies over regiond test beds
that provide much needed understanding of scaling effects. New parameterizations of water
cycle/climate feedbacks (e.g., cloud-aerosol and land-atmosphere) and sub-grid scde
processes (e.g., clouds, precipitation, evaporation, etc.) will have to be developed and
vdidated, and the sengtivity of globa models to these new parameterizations will have to be
evauated. Complementary research is planned under the Atmospheric Composition (Chapter
5) and Climate Variability and Change (Chapter 6) programs, and components of these
programs, accelerated through the Climate Change Research Initiative (CCRI), are described in
Chapter 2.

PRODUCTS AND PAYOFFS
New parameterizations for water vapor, clouds, and precipitation processes for usein
climate modds, usng new doud-resolving modes created in part as aresult of fidd
process studies (see Chapter 2) (2-5 years).
Enhanced data sets for feedback studiesincluding water cycle variables, aerosols,
vegetation, and other related feedback variables generated from a combination of
satdlite and ground-based data to evauate the role of human influencesin climate
change (5-15 years).
New models capable of smulating the feedbacks between the water cycle and the
climate system (including biogeochemica cycles) will support the development of
carbon management strategies and resource management tools (5-15 years).

Question 3: What are the key uncertainties in seasonal to interannual
predictions and long-term projections of water cycle variables, and
what improvements are needed in global and regional models to
reduce these uncertainties?

STATE OF KNOWLEDGE

Current globa and regional modds demondrate limited skill in predicting precipitation, soil
moisture, and runoff on time scales beyond afew days. One of the mogt critica deficienciesin
climate change projections involves precipitation and soil moisture—essentia parameters for
assessments of the impacts of climate change and variability. While the large scale conditioning
of the atmosphere by El Nifio- Southern Oscillation (ENSO) events has been documented,
memory effects of land conditions on the atmaosphere are not fully quantified, and cloud and
precipitation feedbacks and the interactions of the lower boundary layer (lower 500 meters of
the atmosphere) with land and ocean surface conditions are not well understood. 1n addition,
data sets are needed for the cdibration of globa coupled climate models and the devel opment
of regiond downscaing and statistical forecasting techniques.
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ILLUSTRATIVE RESEARCH QUESTIONS
For different modd resolutions, how can key water cycle processes be better smulated
in current climate models, in order to enhance the capability of producing more accurate
seasond to interannud predictions of water cycle variables?
How can the representation of water cycle processesin climate change models be
improved to reduce uncertainties in climate change projections for hydrologic variables?
What are the critical hydrologica and atmospheric factors that are present in mgjor
flood and drought events that can be isolated, quantified, and incorporated into water
cycle prediction methodologies?
To what extent will the seasondity, intengity, and variability of high latitude freshwater
fluxes (evapotrangpiration, runoff) and stores (soil moisture, permafrost) change asa
result of dimate warming?
How can we best characterize the uncertainty in the prediction of water cycle variables
and effectively communicate this uncertainty to water resource managers?

RESEARCH NEEDS

Advances in prediction capabilities will depend on improvements in mode structure and
initidization, data assmilation, and parameter representations. Predictability sudieswill be
required to determine the regions, seasons, lead times, and processes most likely to provide
additiona predictive kill. Better understanding and improved model representations of less-
wedll-understood processes, such as the seasond and longer-term interactions of mountains,
vegetative cover, soils, oceans, and the cryosphere with the atmosphere are needed. In
addition, modd evauation studies with enhanced data sets are needed to improve models and
to characterize and reduce uncertainties. Complementary research is planned under the Climate
Variability and Change (Chapter 6) and Carbon Cycle (Chapter 9) programs.

PRODUCTS AND PAYOFFS
New drought monitoring and early warning tools based on improved measurements of
precipitation, soil moisture, and runoff, and data assmilation techniques to inform the
implementation of drought mitigation plans (2-5 years).
Metrics (measures) for quantifying the uncertainty in predictions of water cycle
variables, and progressin improving the accuracy of predictions and for making
forecasts more useful in water resources management (2-5 years).
Downscding techniques, such asimproved regiond climate models, that bridge the
disparate spatid and tempord scales between global model outputs and atmospheric,
land surface, and river basin processes for improved eva uation of potential water
resource impacts arisng from climate change (5-15 years).
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Question 4: How do the water cycle and its variability affect the
availability and quality of water supplied for human consumption,
economic activity, agriculture, and natural ecosystems; and how do its
interactions and variability affect sediment and nutrient transports,
and the movement of toxic chemicals and other biogeochemical
substances?

STATE OF KNOWLEDGE

Our ability to quantify the role of flowing water as the primary agent for sediment trangport that
reshapes the Earth's surface, and for nutrient transport that feeds riparian habitats and degrades
water bodies, isrudimentary. Currently, we do not have the monitoring framework needed to
generate a database to support research on these processes. The priority challenges are to
quantify water flow and the various trangport rates, biochemicd transformations, and congtituent
concentrations and feedbacks whereby the water cycle dters media and ecosystems.
Furthermore, the consequences of variaionsin water availability and quaity for agriculture,
energy production and distribution, and urban and industrid uses need to be integrated into a
common modding framework.

ILLUSTRATIVE RESEARCH QUESTIONS
How does the water cycle interact through physica, chemicd, biophysica, and
microbiological processes with other Earth system components at the watershed scae?
How do changesin climate, land cover, and nonpoint waste discharges alter water
availability, water quality, and the trangport of sediments, nutrients, and other chemicals,
and how do these changes affect human and ecosystem hedth?
How do surface and subsurface processes change the qudity of water available for
human and environmental uses?

RESEARCH NEEDS

Overdl, thereisabasic need to develop an integrated research vison (complete with
hypotheses) for addressng multiple- process (hydrologica, physicd, chemica, and ecologica)
interactions between water and other Earth systems. Techniques that scale up processes active
at watershed and sub-watershed scaes to the larger scdes widely used in dimate sudies must
be developed and tested. In addition, it is necessary to refine geophysica methods and the use
of tracers, including isotopes, to determine subsurface paths, flow rates, and resdence time, and
to track pollution plumes.  Complementary research is planned under the Land Use/Land
Cover Change (Chapter 8), Carbon Cycle (Chapter 9), Ecosystems (Chapter 10), and Human
Contributions and Responses to Environmental Change (Chapter 11) programs.
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PRODUCTS AND PAYOFFS
Rdiable, commensaurate data sets at the watershed scale that scientists from various
disciplineswill useto examine critica water- Earth interactions for improved integrated
watershed management (2-5 years).
Models that partition precipitation among surface and subsurface pathways, route flows,
and quantify physical and chemicd interactions for evaluating climate and pollution
impacts (5-15 years).
Development and gpplication of more cost effective methods for monitoring subsurface
waters for inventorying current and future water availability (5-15 years).

Question 5: What are the consequences of global water cycle
variability and change, at a range of temporal and spatial scales, for
human societies and ecosystems? How can the results of global water
cycle research be used to inform policy and water resource
management decision processes?

STATE OF KNOWLEDGE

Variability and changes in the water cycle have been shown to lead to profound impacts on
human societies and ecosystems (including on human hedth), but many of the linkages between
change and outcome are not yet understood in the detail needed for gppropriate policy and
management responses. Water management takes place within a set of condraints that include,
among other things, stringent flood control standards, federal and state environmenta
regulaions, hydropower production schedules, and increasing irrigation, urban, industria, and
recregtiona demands for water. Thereis evidence that the results of recent research on the
water cycle can contribute to the decisonmaking capacities of policymakers and water
managers who must operate within these congraints. However, advancesin water cycle
research have found little use in water management and decisonmeking. Factors such as
regulatory inflexibility, institutional structures, and time pressures make it difficult to change
edtablished management and decision systems. In addition, there is a mismatch between
research products and operational information needs. Efforts to diminate the barriers between
research and research users have been initiated and indicate that early collaboration and side-
by-sde demondirations may be effective tools for speeding innovation.

ILLUSTRATIVE RESEARCH QUESTIONS
How can water cycle research products, such as the hydroclimatological projections
(predictions of future states of hydrologic components (e.g., runoff) of the climate
system) and forecasts from globa and regiond climate models, remote sensing data
streams, and snow pack information, be deployed to improve policy decisons and
water resource management?
What is the best means for transferring dimate/water cycle varigbility and long-term
change information into operationa reservoir management and hydropower production,
and the planning and design of water resources infrastructure?

Draft Date: November 19, 2002 87




O o0 ~NO UL WNPE

-bhwwwwwgwwwwNNNNNNNNNNHI—‘HI—‘HI—‘HI—‘HI—‘
R O O 0 ~N O O WNPOOWOO~NOOULARWNPFPODOO~NOOOGPMWDNEO

DRAFT

What are the gapsin current understanding of water cycle functions critical to US
riparian (relating to rivers) and estuary environments and what research activities are
needed to close those gaps?

What are the implications of water cycle research for managing conflicting demands on
transboundary waters?

What are the current patterns of water consumption and how are they likely to change
as aresult of potentia changesin temperature, land cover and land use, demographics,
and water policies?

What kinds of changes in ingtitutiond arrangements and management practices will be
needed to respond to changes in water resource availability over arange of tempora
and spatia scales?

RESEARCH NEEDS

In order to make rapid progress in projecting the consequences of variability and change it will

be necessary to integrate data from a broad range of sources and disciplines. Basic needsto

achieve this god include frameworks for integration, such as improved mechanisms for

integrating remote sensing, GI'S capabilities, and existing databases in decision support tools for

water managers. In order to determine patterns and trends, it will aso be necessary to

inventory existing data sources and regiona and sectoral studies, especidly for datafor which
regiond, nationd, and globa repositories are rare or non-existent, such as for water demand,
diverson, use, and consumption. In order for scientific information to have an impact, it will

have to rely on refined and extended research on the role, entry points, and types of water cycle

knowledge required for water management and policy decisonmaking processes.

Complementary research is planned under the Climate Variability and Change (Chapter 6),
Land Use/Land Cover Change (Chapter 8), and Human Contributions and Responses to

Environmental Change (Chapter 11) programs.

PRODUCTS AND PAYOFFS
Technology transfer and enhanced capability to produce operationa streamflow
forecasts over arange of spatid and temporal scales (days, weeks, months, and
seasons), for more effective water management decisons (2-5 years).

Decison support tools integrating historic climate varigbility, water cycle predictions,
and socio-economic analyses to produce planning and management tools that include
these mgor decision factors (2-15 years).

Observing system smulation and forecast demongtrations using advanced watershed
and river system management models and decision support systems, to facilitate
acceptance and utilization of these advanced technologies for improved hydropower
production and river system management (5-15 years).

Integrated models of tota water consumption for incorporation into decision support
tools that identify water-scarce regions and efficient water use strategies (5-15 years).
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Key Linkages

A grong Globa Water Cycle research program is essentia for, and will derive critical inputs
from, the following CCSP dements. Climate Variability and Change, Carbon Cycle, Land
Use/Land Cover Change, Ecosystems, Atmaospheric Composition, and Human Contributions
and Responses to Environmental Change. In particular, the modes of water cycle variability
arising from ocean sea surface temperatures will be addressed by the Climate Variability and
Change dement. Furthermore, to carry out this ambitious Global Water Cycle program,
support will be required in the areas of Climate Quaity Observations (Chapter 3) and in
Decision Support Resources (Chapter 4). In addition, there will be a need to work closely with
the Decision Support Resources activity to ensure that Water Cycle research is more effectively
used in policy development and decisonmaking. Findly, sustained progress toward answering
the questions addressed by the Globa Water Cycle research program will depend on
development of the modeing, observations, and information systems described in Chapter 12.

There are strong internationd linkages between the Globa Water Cycle program and the World
Climate Research Programme’'s (WCRP) Globa Energy and Water Cycle Experiment
(GEWEX). Other connectionsto internationa programs occur in the observational areawith
Integrated Globa Observing Strategy (IGOS) Partnersin terms of its emerging Water Cycle
theme as wdll as the Globa Climate Observing System (GCOS) and the Globd Terredtrid
Observing System (GTOS). In addition, the water cycle program will collaborate with a
number of international programs concerned with water cycle research, water resources, and
climate. Theseinclude the WCRP, Internationad Geosphere-Biosphere Programme (IGBP),
Internationa Human Dimensions Programme (IHDP), and Diverdtas Joint Water Project; the
World Meteorologica Organization’s Hydrology and Water Resources Programme; and United
Nations Educationd, Scientific and Cultural Organization’s International Hydrology Program
and Hydrology for Environment, Life and Policy (HELP), aswell asthe Didogue on Water and
the 3 World Water Forum. Also, the Globa Water Cycle program will contribute to work
through bilatera treaties, particularly with countries like Japan, that have placed a priority on
water cycle research.

References:

Hornberger et a., 2001. Hornberger et d., A Plan for a New Science Initiative on the
Global Water Cycle (Washington, D.C., US Globa Change Research Program).
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CHAPTER 8

LAND USE/LAND COVER CHANGE

This chapter’s contents...

Question 1: What are the primary drivers of land use and land cover change?

Quedtion 2. What tools or methods are needed to dlow for better characterization of historic
and current land use and land cover characterigtics and dynamics?

Question 3: What advances are required to dlow for the projection of land use and land cover
patterns and characteristics 10-50 years into the future?

Question 4: How can projections be made of potentia land cover and land use change over the
next 10-50 years for use in models of impacts on the environment, socia and economic systems,
and human hedth?

Quedtion 5: What are the combined effects of climate and land use and land cover change and
what are the potential feedbacks?

Key Linkages

Land use and land cover change is perhaps the most prominent form of globa environmenta
change since it occurs at spatid and temporal scaesimmediately relevant to our daily existence.
The changesin land use and land cover, especidly when coupled with climate change and
variahility, are likely to affect natura resources and ecosystemsin complex ways. The Nationa
Research Council recently identified Land Use Dynamics as one of the grand chdlenges for
environmenta research (NRC, 2001d).

Determining the effects of land use and land cover change depends on an understanding of past
land use practices, current land use and cover patterns, and projections of future land use and
cover, as dfected by human indtitutions, population size and ditribution, economic
development, technology, and other characteristics. The combination of climate and land use
change may have profound effects on the habitability of the planet in more significant ways than
ether acting done. While land use change is often a driver of environmental and climatic
changes, a changing climate can in turn affect land use and land cover. Climate varigbility dters
land use practices differently in different parts of the world, highlighting differencesin societd
vulnerability and resilience. The feedback between land use and climate change is poorly
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understood and will require the development of new models linking the geophysics of climate
with the socioeconomic drivers of land use. Providing a scientific understanding of the process
of land use change, the impacts of different land use decisons, and how they will be
complicated by a changing climate and increasing dlimate variability isa priority areafor
research.

This research dement provides the scientific underpinning for land use decisonmaking and
projections of future land use, and has substantia benefits beyond climate change assessment
and mitigation by supporting awide array of issues important to public users of thisinformation.
To meet multiple objectives, the land use and land cover change research eement will address
two overarching questions.
- What processes determine the temporal and spatial distributions of
land cover and land use change at local, regional, and global scales, and
how can land use and land cover be projected over time scales of 10-50
years?
How may the dynamics of land use, management, and cover change
affect the global environment and national environmental and
socioeconomic conditions, including economic welfare and human
health?

To address these overarching questions and to make the science useful for decisonmaking will
require a focused research agenda that includes ongoing maypping, measurement, and monitoring
of land use and land cover change from local to globd scaes; identification of the driving forces
or agents of change; the capatiilities to model and project future changesin land use and land
cover; and assessment of the implications of land use change. In addition, research
collaboration with other program elementswill be necessary to gain detailed understanding of
the direct impacts of land use and land cover change on climate, as well as the combined effects
of land use and climate change on ecosystems and water and carbon cycles. Answersto the
overarching questions will require research focused on the five specific questions posed below.

Question 1: What are the primary drivers of
land use and land cover change?

STATE OF KNOWLEDGE

The ability to forecast land use and land cover change and, ultimatdly, to predict the
consequences of change, will depend on our ability to document and understand the past drivers
of land use and land cover change. Higtorica land use and cover change has occurred primarily
in response to population growth, technologica advances, economic opportunity, and public
policy. Patterns of human settlement are shaped by both the interaction of environmenta (e.g.,
climate, geology, topography, and vegetation) and socid (e.g., culturd customs and ethnicity)
forces around the world. An improved understanding of historica land use and land cover
patterns provides ameans to evauate variations in past causad factors and responses aswel as
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amethod for evaluating the trends of human activities present in the current basdline. The
systematic evauation of these higtorical and contemporary factors will improve the ability to
develop projections of future land use and management decisions. Thistype of andysswill
require the integration of various disciplines from the physicad and socid sciences.

ILLUSTRATIVE RESEARCH QUESTIONS
How does the historica development and spread of land uses reved the various events
and trends that shaped its expansion a different pointsin the past?
Why and how have land use and land management systems (e.g., agriculture) spread
hitoricaly?
How have the driving forces of change affected the rates and patterns of historicd and
contemporary change at different (i.e., loca, regiona, and globa) scaes?
How, and to what extent, do extreme events (e.g., natura hazards, public health
emergencies, and war) affect land use and land cover change?
How will environmentd, ingtitutiond, palitica, technologicd, demographic, and
economic processes determine the temporal and spatid distribution of land use and land
cover over the next 50 years?

RESEARCH NEEDS

Improvements are needed in process modds of land use and land cover change dynamicsin
gpace and time, combining fidd-leve case studies for analyss of processes, satistica studies for
large regions, and empirical andyses using remote sensing change detection. This process-leved
understanding of land use and cover dynamics will aid the andyss of land use and land cover
change across scales. Work will aso be required to understand how, for example, one agent or
cause of land use change influences ancther. This comprehensve understanding of land use and
cover change processes aso needs to consider interactions between socioeconomic factors and
biophysicd factors, including synergies between land use dynamics and dimate change and
vaiahility.

PRODUCTS AND PAYOFFS
Summary of the regiond driving forces of US land use and land cover change (< 2
years).
Contemporary (last 30 years) rates of US land cover change (2-4 years).
Long-term (300 years) nationd land use and land cover history (2-4 years).
Long-term (300 years) globa land use and land cover history (>4 years).
Andysis of theimpact of mgor disturbances on land use and land cover (>4
years).

Question 2: What tools or methods are needed to allow for better
characterization of historic and current land use and land cover
characteristics and dynamics?
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STATE OF KNOWLEDGE

A dgnificant component of this research eement involves improvements in data collection
systems and data products. Research on current land use and land cover will provide new
information to enable the production of regular updates on the distribution of land cover at
scaes relevant for global-scae andyses and resource management decisons. The information
will dso provide the data needed to parameterize climate and other environmenta factorsin
models. Remote sensing provides quick and comparatively inexpensve information about land
cover changes over large areas. Ground- based networks in the United States dso offer a
wedth of historical data (often with data records extending back 50-100 years), and can
provide detailed information on Ste conditions, including species compostion, soil type, habitat
quality, tillage and crop rotation history, wildlife population statistics, and land use classification.
Integrating ground-based and remote sensing data collection systems provides an opportunity to
vadly improve the speed and overd| qudity of land use and land cover datafor use in gpplied
research.

ILLUSTRATIVE RESEARCH QUESTIONS
What are the current patterns and attributes of land use and land cover at national to
global scaesthat affect the carbon cycle, atmospheric processes, and ecosystemn form
and function?
What are the nationa and global rates, patterns, and characteristics of contemporary
land use and land cover change?
Where are the current hot spots of rapid land use and land cover change at the nationd
and globd levels?
What improvements need to be made to current observing systems and what programs
need to be put in place to provide the necessary long-term data and information to
support the study of land use and land cover change at the globd, regiond, and nationa
scale?
What are the methodological advances needed to improve land use and land cover
change andyses, indluding strategies for integrating ground-based data, socioeconomic
datigtics (e.g., census information), and remotely sensed measurements?

RESEARCH NEEDS

Evolving public and private land management questions call for new types of data and
information and improved scientific bases for decisonmaking. They aso require long-term
continuity in deta collection, and the acquisition of data at the globd scale. With the current
suite of satdlite senang systems and archived data sets avail able to the research community,
studies at the large spatid scaes needed to depict land cover and management changes can
begin. While considerable progress has been made in mapping land cover characteridtics, the
ability to accurately map the wide range of landscape attributes, including land use and biomass,
will require a consderable research effort. In addition, improvements in remotely-sensed data
qudity and in dgorithmsfor detection of loca changes and their characteristics are needed.
Dataintegration will be a particularly important research strategy so that in situ, remotely
sensed, and other forms of data can be merged and used to derive the needed land use and land
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cover information. As scientific demands and needs for land use and land cover information
change, pardld innovation in the resulting data products will be essentid.

PRODUCTS AND PAYOFFS
Nationd land cover database that includes attributes of land cover and vegetation
canopy characterigtics (<2 years).
Globa moderate resolution land cover database with attributes required for
environmental parameterization (<2 years).
Map of globa land use and land cover change hot spots (<2 years).
Quantification of rates of US land use and land cover change (<2 years).
Improvementsin land use and land cover change detection procedures that enable
accurate and redl time detection of locd to globa change (2-4 years).
Continued acquisition of calibrated coarse, moderate, and high-resolution remotely-
sensed data (2-4 years).
Globa high-resolution land cover database with attributes required for nationd to global
scae gpplications (>4 years).
Operationd globa monitoring of land use and land cover conditions (>4 years).

Question 3: What advances are required to allow for the projection of
land use and land cover patterns and characteristics 10-50 years into
the future?

STATE OF KNOWLEDGE

In order to understand the historical and contemporary linkages between land use and land
cover change and its resulting effects on biogeochemicd cycles, climate, ecosystem hedth, and
other systems, it will be necessary to make significant advances in documenting the rates and
causes of land use and land cover change. Our current understanding of historic land use and
land cover change is weak due to the anecdota nature of past research inthisarea. Future
understanding of land use and land cover changes will be greetly improved dueto new
systematic methods and study designs for land use change research. In order to understand the
forces of change that operate at different scales, it will be necessary to conduct studies that
explicitly reved the regiond variations in change characterigtics. With this, the higtorica and
contemporary data needed to devel op models that project land use and land cover for specific
intervasinto the future will be produced.

ILLUSTRATIVE RESEARCH QUESTIONS
What are the research challenges associated with developing a new generation of land
use models resulting from multiple and potentialy interacting agents and causes and that
address environmenta and socioeconomic impacts?
Given specific climate, demographic, and socioeconomic projections, what isthe
current level of skill in projecting characterigtics of land use and land cover change 5,
10, 20, 40, and 50 years into the future?
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RESEARCH NEEDS

A new suite of models that combine physical, socioeconomic, and climate data to model
projected changes at scales relevant to resource management are needed. This callsfor a better
undergtanding of the drivers of land use change and credible predictions of land cover and land
use a decadd time scales. Integration among the Carbon Cycle (Chapter 9), Ecosystems
(Chapter 10), and Human Contributions and Responses (Chapter 11) research elements will be
needed to develop and test model s needed to generate scenarios of land use and land cover
change and projections of change that take into account the various influences of ecosystem
functioning, carbon, water, and energy cycling aswell as human managed systems. Mode
vaidation will be aparticularly chalenging dement of thisresearch area. Simulation of past
conditions will be a necessary strategy for testing the performance of models, placing more
sgnificance on the need to understand land use and land cover change in both an historical and
contemporary context.

PRODUCTS AND PAYOFFS
Urban growth moddls (<2 years).
| dentification of the regional components of aUS land use and land cover change model
(<2 years).
National land use and land cover change projection model.
| dentification of the regional components of a globd land use and land cover change
modd (2-4 years).
Globa-scae land use and land cover change projection model (>4 years).

Question 4: How can projections be made of potential land cover and
land use change over the next 10-50 years for use in models of impacts
on the environment, social and economic systems, and human health?

STATE OF KNOWLEDGE

Thereis clear evidence that changing land use and land cover has sgnificant impacts on loca
environmental conditions and economic and socid welfare. Some of the impacts areloca while
others have globd ramifications. For example, estimates of trace gas emissons and removals
by sinks depend strongly on land cover and land use practices, while the deposition of
amospheric condtituents affects the potentia rate and magnitude of terrestrid snks. The water
cycle depends heavily on vegetation, surface characteristics, and water resources devel opment
by humans (e.g., dam congruction, irrigation, channding, and drainage of wetlands), whichin
turn affect forecasts of water availability and qudity. The other Climate Change Science
Program (CCSP) research e ements provide complementary information about the
environmental and biophysica forces that influence potentid land uses (e.g., amospheric
chemigtry and processes, climate variability and change, water resources, nutrient flows, and
ecologica processes) and the anthropogenic pressures that will give rise to various land uses
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and processes (e.g., the Human Contributions and Responses dement, Chapter 11). The land
use/land cover change eement will develop projections of changesin land cover and use that
are critical to developing accurate forecasts in the other areas of the program. The following
research questions address the effects of changesin land use and land cover on other research
elements (i.e., Ecosystems, Water Cycle, and Carbon Cycle). Research will require
multidisciplinary cooperation to develop land use and land cover projections that address the
necessary spatia and tempora scades, and include the necessary physicd, biologica, and socid
factors of interest, to ensure that projections of land use and land cover can be incorporated
into models of impacts.

ILLUSTRATIVE RESEARCH QUESTIONS
How will acute land use change stress or enhance the productivity of our natura resource
base and the industries that depend on it, including agriculture and forestry?
How will changesin urban and rura land use and land cover influence the spatia and
tempord distribution of wildlife and what are the resulting economic, socid, and
ecologica impacts?
How will the form and use of public lands change given different climate change
scenarios, and how will those changes affect the management of the vita
economic and ecologica resources of those lands?

RESEARCH NEEDS

In order to understand the impacts of land use and land cover change, there must be ongoing
close cooperation with other CCSP research ements that will improve understanding of the
interrelationships and dynamic feedbacks between land use/land cover change and carbon,
ecosystems, atmospheric chemistry, water resources, and dimate variability. The chalenge will
be to use contemporary impacts of land use and land cover change to cdibrate impacts on
ecosystemn goods and services; biogeochemica, water, and energy cycles, and climate
processes. These investigations must be undertaken on multiple scales so that the fulll
dimensions of the perturbations of environmenta processes can be determined.

PRODUCTS AND PAYOFFS
Report on the impacts of urbanization on other land uses (<2 years).
Maps and evauations of the relationship between US urban areas and wildfire hazards
(<2 years).
Report evauating the impacts of land use and land cover change in the coastl zones of
the United States on coastal resources (2-4 years).
Reports on the relationship between land use and land cover change and human
hedlth (with the Human Contributions and Responses research dement) (2-4
years).
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Question 5: What are the combined effects of climate and land use
and land cover change and what are the potential feedbacks?

STATE OF KNOWLEDGE

Land use and land cover changeis linked in complex and interactive ways to other globd
environmenta changes, human actions (both as causes of change and responses to impacts),
and environmenta feedbacks at multiple patid and tempord scaes. The outflow of ol
nutrients, for example, has immediate impacts on land productivity, vegetation, and soil eroson
rates, medium-term impacts on landscape fragmentation, land productivity, and downstream
aquatic ecosystems; and possible long-term impacts on climate. Land use and land cover
change, climate change, and other environmenta changes dl interact to affect natura resources.
The research associated with this question will require collaboration with the Climate Varigbility
and Change (Chapter 6), Ecosystems (Chapter 10), Water Cycle (Chapter 7), and Carbon
Cycle (Chapter 9) research elements.

ILLUSTRATIVE RESEARCH QUESTIONS
How will the combined effects of land use and climate change affect agriculture, aquatic
ecosystems, rangeland, and forest extent and productivity, and whet are the implications
for land management and economics?
How does the combined stress of climate and land use change affect our ability to
mitigate and manage greenhouse gases?
What is the impact of future changesin land use and land cover on water supply and
qudity, congdering climate-induced changes in the patterns and characteristics of water
resources (research will be undertaken with the Water Cycle team)?
Using focused case studies, how can landholders, land managers, and decisionmakers
formulate land use and land management decisions and practices at various scaesin
light of dimeate change?

RESEARCH NEEDS

Development of coupled climate-land use/cover models, that incorporate socioeconomic
factors, shoud be accderated. Smulation of climate-land use/cover feedbacks will require
advancement of current understanding of multiple stress processes at locdl to globa scales.
Vdidation of the interacting dimate-land use effects for specific regions of the globe will be
particularly chalenging. Internationa cooperation will be needed to optimize the currently
exiging and emerging observationd networks.

PRODUCTS AND PAYOFFS
Climate modd s incorporating land use and cover data (<2 years).
|dentification of the regions in the United States where the combination of land use
effects and climate change may be most pronounced (<2 years).
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Report on how urban expangon of impermesable surfaces and associated "heeat
idands' affect regiond weether and climate, primarily with respect to temperature
and precipitation patterns (<2 years).

Evauation of how the type and distribution of land cover affects regiona westher
and climate patterns (2-4 years).

Globa-scae, fully interactive dimate-land use/cover modd (>4 years).

Report on trends in land cover or land use that are attributable to changes in climate
(e.g., changesin forest type, changesin specific agricultura crops, or changesin the
presence or absence of agriculture) (>4 years).

Nationa modd with a coupled climate-land use system (>4 years).

Key Linkages

The implementation of the Land Use and Land Cover Change research eement will require an
interdisciplinary approach involving scientists from physicd, naturd, and socia science
communities. Crucia to these activities will be the transfer of accrued knowledge to policy and
decisonmaking communities. Success will depend on close linkages with other CCSP research
elements. In particular, collaboration with the Water Cycle (Chapter 7), Carbon Cycle
(Chapter 9), Ecosystems (Chapter 10), and Climate Variability (Chapter 6) research elements
will be needed to understand the larger effects of land use and land cover changes over time.

Regiona observational and monitoring networks and associated case studies are key to
understanding phenomena at fine scales, and provide a test bed for models and a mechanism for
comparaive anadyss. Inthe next 10 years the establishment of international land use and land
cover science programs will augment ongoing efforts such as the Internationd Geosphere-
Biogphere Programme to help bridge the gap between climate change researchers, land
managers, and decisonmakers. For example, Global Observation of Forest and Land Cover
Dynamics (GOFC-GOLD) isanew program for coordinating globa land observations,
implemented through regional networks of data providers and users to address a combination of
globa change and naturd resource management questions, and engaging loca scientists with
local and regiona expertise and knowledge.

Another example isthe United Nations (UN) Land Cover Network - an emerging cooperative
activity of the UN Food and Agriculture Organization (FAO) and the UN Environment
Programme (UNEP) to develop monitoring and measurement of |and cover change in support
of their globa environmental outlooks and assessments (e.g., the Millennium Ecosystem
Assessment). In addition to these activities, development agencies are attempting to address
guestions concerning the societd impacts of globa change through new programs such asthe
US Agency for Internationd Development’s (USAID) Geographic Information and Sustainable
Devedopment program. Such programs can help in strengthening the scientific underpinning for
the decisionmaking process.
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There are anumber of programs that have identified land use and land cover change as part of
their individual agency research agendas (e.g., the Nationa Aeronautics and Space
Adminigration, the US Geologica Survey, the National Science Foundetion, the US
Environmental Protection Agency, and the US Department of Agriculture) and have played an
active role in developing this research dement. It will be important as the program proceeds to
engage mulltiple agencies and organizations working in this and related fields (e.g., the Nationa
Ingtitutes of Health, the Department of Transportation, the Bureau of Land Management, and
USAID). Inthe next decade of globa change research it will be particularly important to
include stakeholders (e.g., the Council of Governors, non-governmental organizations, and date
and locd land managers) in guiding this reseerch dement.

References:

NRC, 2001d. Nationad Research Council, Committee on Grand Challengesin Environmenta
Sciences, Grand Chdlengesin Environmenta Sciences (Washington, DC: Nationa Academy
Press).
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CHAPTER 9

CARBON CYCLE

This chapter’s contents...

Question 1: What are the magnitudes and distributions of North American carbon sources and
gnks and what are the processes controlling their dynamics?

Question 2: What are the magnitudes and distributions of ocean carbon sources and sinkson
seasond to centennia time scales, and which processes control their dynamics?

Question 3: What are the magnitudes and distributions of globa terrestria, oceanic, and
atmospheric carbon sources and sinks and how are they changing over time?

Question 4: What are the effects of past, present, and future land use change and resource
management practices on carbon sources and Sinks?

Question 5: What will be the future atmospheric carbon dioxide and methane concentrations, and
how will terrestrid and marine carbon sources and snks change in the future?

Quedtion 6: How will the Earth system, and its different components, respond to various options
being considered by society for managing carbon in the environment, and what scientific
information is needed for evauating these options?

Key Linkages

Carbon isimportant as the basis for the food and fiber that sustain and shelter human
populations, as the primary energy source that fuels economies, and as a mgjor contributor to
the planetary greenhouse effect and potentid climate change. Atmospheric concentrations of
carbon dioxide (CO,) and methane (CH,) have been increasing for about two centuries as a
result of human activities. Future atmospheric concentrations of these greenhouse gases will
depend on trends and variability in natural and humant caused emissions, and the capacity of
terrestrial and marine sinks to absorb and retain carbon.

Elevated atmospheric CO, concentrations, additions of nutrients, and changesin land
management practices can significantly enhance (and sometimes reduce) ecologica carbon
sgnks Engineering gpproaches for carbon sequestration provide additional options to reduce
atmospheric greenhouse gas concentrations or reduce their rate of increase. However,
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uncertainties remain about how much additiona carbon storage could be achieved, the efficacy
and longevity of carbon sequestration gpproaches, whether they will lead to unintended
environmental consequences, and just how vulnerable or reslient the global carbon cycleisto
such manipulations. Successful carbon management strategies will require solid scientific
information about the basic processes of the carbon cycle and an understanding of its long-term
interactions with other components of the Earth system such as climate and the water and
nitrogen cycles. Breakthrough advances in techniques to observe and model the atmospheric,
terretrial, and oceanic components of the carbon cycle have readied the scientific community
for aconcerted research effort to identify, characterize, quantify, and predict the mgjor regiona
carbon sources and sinks—with North America as a near-term priority.

The overal god for the US Carbon Cycle Science Program research is to provide critica
scientific information on the fate of carbon in the environment and how cycling of carbon might
changein the future, including the role of and implications for societal actions. In this decade,
research on the carbon cycle will focus on two overarching questions.
How large and variable are the dynamic reservoirs and fluxes of carbon
within the Earth system, and how might carbon cycling change and be
managed in future years, decades, and centuries?
What are our options for managing carbon sources and sinks to achieve
an appropriate balance of risk, cost, and benefit to society?

Nationa and internationa decisonmakers have called for better information on the globa
carbon cycle in order to reduce uncertainties concerning the potentia for climate change and to
evauate carbon sequedtration options for climate change mitigation. A well-coordinated,
interagency, and multidisciplinary research strategy, bringing together a broad range of needed
infragtructure, resources, and expertise, will be essentid in providing thisinformation. Specific
research questions that will be addressed in support of the two overarching questions are
covered in the following sections.

Question 1: What are the magnitudes and distributions of North
American carbon sources and sinks and what are the processes
controlling their dynamics?

STATE OF KNOWLEDGE

There is growing evidence of a current Northern Hemisphere terrestrid sink averaging 1.8
billion metric tons of carbon per year. Recent work suggests that this Snk may be aresult of
land use change, including recovery of forest cleared for agriculture in the last century, and land
management practices, such asfire suppression. Other studies suggest that elevated CO,,
nitrogen deposition, and changesin regiond rainfdl patterns aso play arole. Atmospheric
dudies indicate that the terredtrid sink varies sgnificantly from year to year. Current estimates
of regiond distributions of carbon sources and sinks derived from atmospheric and oceanic data
differ from forest inventory and terrestrid ecosystem model estimates. The Carbon Cycle
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Science Program has created a structure for coordinating observationd, experimentd,
anaytical, and data management activities needed to address the discrepancies, to reduce the
errors, and produce a congstent result for North Americain a North American Carbon
Program (NACP). Assuming corresponding internationa research projects in Europe and Asia,
this research will contribute to improving estimates of quantities, locations, and uncertainties of
the Northern Hemisphere carbon sink.

ILLUSTRATIVE RESEARCH QUESTIONS
How large and variable are North American carbon sources and sinks?
What are the most important mechanisms, both natura and human caused, that control
North American carbon sources and sinks, and how will they change in the future?
How much do North America and adjacent ocean basins contribute to the Northern
Hemisphere carbon sink?

RESEARCH NEEDS

Continued and enhanced NACP research will require multidisciplinary investigetion of
atmaospheric concentrations, vertical profiles, and trangport of CO, and CHy;
micrometeorologica estimates of net CO, and CH, fluxes with accompanying biometric
measurements at ecosystem and landscape scaes; biomass and soil inventories of carbon in
forests, crop and range lands, and unmanaged ecosystems, coastal zone carbon processes; and
carbon modding to integrate and assmilate diverse sources of data. A field program, with
intensive campaigns and remote sensing of productivity and land cover, will be conducted
initidly at a centrd location in the United States, and subsequently expanded to include the
entire continent. Research on ecosystem and ocean margin processes that control carbon
exchange, including experimenta work, will be needed to explain changes in sources and Snks
and to parameterize models. Improved ecosystem, inverse, and data assmilation modding
approaches will be needed to andyze carbon source and sink dynamics.

PRODUCTS AND PAYOFFS
Prototype State of North American Carbon Report (2 years).
Quantitative measures of atmospheric CO, and CH, concentrations in undersampled
locations (2-4 years).
Carbon cycle models: customized for North America (2-4 years); with improved
physica controls and characterization of respiration (2 years); and the first carbon data
assmilation modes (2-4 years).
Quantitative estimates of carbon fluxes from managed and unmanaged ecosystemsin
North America, with regiona specificity and uncertainties quantified (> 4 years).
L andscape-scale estimates of carbon stocks in agricultural, forest and range systems
and unmanaged ecosystems from spatialy resolved carbon inventory and remote
sensing data (> 4 years).
Identification of the processes controlling carbon sources and sinks through manipulative
experiments, sudies of disturbance, and integration of decison sciences and risk
management studies (> 4 years).
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Comprehengve State of North American Carbon Report (> 4 years).

New data and modeswill provide enhanced capability for estimating the future capacity of
carbon sinks, which will guide full carbon accounting on regiona and continental scales. These
results are a prerequisite for planning, implementing, and monitoring carbon sequestration
practices in North America. Decisonmakers will receive a series of increasingly comprehensve
and accurate reports about the status and trends of carbon emissions and sequestration in North
Americafor usein policy formulation and resource managemern.

Question 2: What are the magnitudes and distributions of ocean
carbon sources and sinks on seasonal to centennial time scales, and
which processes control their dynamics?

STATE OF KNOWLEDGE

The ocean plays a significant role in the globa carbon cycle. Globdly, the ocean’s net uptake
of carbon is estimated to be approximately 2 billion metric tons of carbon per year. However,
uncertainties remain in this estimate due to regiond variations in ocean uptake, seasond to
interannud variaion in nutrient supply, and inadequate representation of coastd marginsin
modds. The discovery thet iron isalimiting nutrient for major regions of the world's ocean has
profound implications for understanding controls on ocean carbon uptake, as well asfor
evauating carbon management options. Estimates of regiona ocean sinks can now be used in
combination with atmospheric data to congtrain etimates of terrestrial carbon sinks. Near-term
focus will be on the North Atlantic, North Pecific, and Southern Oceans to provide independent
congraints on estimates of the Northern Hemisphere carbon sink.

ILLUSTRATIVE RESEARCH QUESTIONS
What are the locations and magnitudes of globa ocean carbon sources and sinks?
What biogeochemical, ecological, and physica processes control the uptake and
release of carbon in the ocean, and how may these processes change in the future due
to elevated atmospheric CO, and climate change?

RESEARCH NEEDS

The Carbon Cycle Science Program will need to continue and enhance ocean observations (in
situ and remotely-sensed) to track the fate of carbon in the ocean, characterize fluxes of CO,
from the land and atmosphere to the ocean over large space and time scales, and to achieve
process-level undergtanding of the physica and biologica controls on those fluxes now and in
the future. The program will generate data required to support the development and
implementation of modes linking climate, ocean circulation, and ocean carbon biogeochemistry
to assess more accurately the relationship of carbon sources and sinks to global and climatic
change. Focused process studies in the North Atlantic, North Pacific, and dong the margins of
those basins, including inputs from rivers, are needed in the next severd yearsto permit
quantification of the Northern Hemisphere carbon sink and to develop needed understanding of
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the mechanisms and magnitudes of carbon exchange between land, sea, and air. 1n 5-10 years,
an intensve Southern Ocean carbon program will be needed to resolve uncertainties in the size,
dynamics, and globa significance of the Southern Ocean as a carbon snk aswell asthe
processes controlling thissink.

PRODUCTS AND PAYOFFS
Greater understanding of the role of nutrients (including iron inputs), phytoplankton
functiona groups, and primary productivity on deep-sea carbon storage (2-4 years).
Models of ocean carbon cycling based on linkages between carbon and nitrogen in
coagta environments (2-4 years).
Quantification of globa ar-seafluxes of CO,, delivery of carbon from the land to the
ocean, and the spatia distribution of carbon in the ocean on seasond to interannua time
scaes usng remote measurements and in situ measurements from newly-devel oped
autonomous CO, sensors (> 4 years).
Models of ocean carbon sequestration that incorporate biogeochemistry, ocean
circulation, and the potential impact on ecosystems (> 4 years).

This research will quantify the capacity of the oceans to absorb fossil fud CO, and remove
carbon from the Earth’ s dynamic reservoirs through export to the degp sea. Uncertaintiesin the
sze of the globa oceanic carbon sink will be reduced. Information will be provided on the
effects of deliberate carbon management approaches for the ocean.

Question 3: What are the magnitudes and distributions of global
terrestrial, oceanic, and atmospheric carbon sources and sinks and
how are they changing over time?

STATE OF KNOWLEDGE

A magjor advance in the past decade has been the ability, enabled by new techniques for
atmospheric measurement, to distinguish the roles of the ocean and land in the uptake and
Storage of atmospheric carbon. Inverse modding approaches are beginning to allow
continental-scae resolution of sources and sinks, but with Sgnificant uncertainties. Key
processes dominating uptake and release of carbon can vary in different regions of the world,
and can change in response to changesin natural and human forcings. New remote sensing
observations have engendered a new appreciation for the significant spatia and tempora
variability of primary productivity in Earth’s ecosystems. Thereisagrowing redization that the
carbon cycle must be studied as an integrated Earth system carbon cycle.

ILLUSTRATIVE RESEARCH QUESTIONS
What isthe current state of the globa carbon cycle?
What natural processes and human activities control carbon emissons and uptake
around the world?
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How will changesin climate, aamospheric CO, concentration, and human activity
influence carbon sources and sinks both regionaly and globally?

RESEARCH NEEDS

Sustained investments will be needed in the collection, reporting, andyss, and integration of
relevant globa carbon monitoring and inventory data; in our understanding of carbon cycling
processes, and in the development of coupled, interactive carbon-climate and, ultimately, Earth
system models. New in situ and space-based observationa capabilitieswill be needed.
Process studies must focus on characterizing key controls as they vary around the world and on
explaining changes in the growth rates of atmaospheric CO, and CH,. Improving modds will
require development of innovative new assmilation and modding techniques and rigorous
testing, evauation, and periodic intercomparison. The carbon cycle science program will
collaborate with all CCSP research dements to assemble, merge, and anadyze carbon,
biogeochemicd, physica, and socioeconomic information for comprehensive reporting on the
date of the globd carbon cycle. An ongoing diaogue with stakeholders will be essentid to
ensure that the carbon cycle information provided will be useful. Continued internationd
cooperation will be necessary to achieve results and ensure widespread utility.

PRODUCTS AND PAYOFFS
US component of internationa carbon observing system, including carbon storage,
fluxes, and complementary environmenta data (ongoing; enhancements within 2 years).
| dentification and quantification of the processes controlling soil carbon storage and
globa CO, exchange among the land, ocean, and atmosphere (2-4 years).
Firgt prototype State of the Global Carbon Cycle Report (4 years).
Globa maps of carbon storage derived from modd-based andysis of actua land cover
(1 kilometer resolution: 2 years; 30 meter resolution: > 4 years).
Estimates of carbon flux strength in remaining regions of the world with sgnificant
uncertainties (i.e., regions not addressed in questions 1 and 2 above) (Amazon forest:
2-4 years, Northern Eurasa 4 years, Pan-tropics. > 4 years, balanced globa carbon
budget: > 4 years).
Globd, synoptic data products from satellite remote sensing documenting changesin
primary productivity, biomass, vegetation structure, land cover, and aimaospheric column
CO, (dl but CO, ongoing; CO; > 4 years).
Evauation of the potentid for dramatic changes in carbon storage and fluxes due to
changes in climate, atmospheric composition, and ecosystem disturbance, and
characterization of potentia feedbacks to the climate system (> 4 years).
Full State of the Global Carbon Cycle Report (> 4 years).

Policymakers and resource managers will be provided with consstent, integrated, and
quantitative information on globa carbon sources and sinks that can be used in nationa and
worldwide carbon accounting and for evaluating carbon management activities. Improved
globa carbon modes and understanding of key process controls on carbon uptake and
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emissions, including regiond variations, will be made avalladle to improve applied climate
models and inform scenario development for decision support.

Question 4: What are the effects of past, present, and future land use
change and resource management practices on carbon sources and
sinks?

STATE OF KNOWLEDGE

Historic and current land use changes and resource management practices impact the overall
carbon cycle. For example, there has been widespread reforestation since 1900 in the eastern
United States following the movement of agricultura production toward the Midwest. Forest
growth and conversion of forests to long-lived wood products increase the carbon stored in the
forest products pool. Better land management practices (e.g., reduced soil tillagein cropping
systems), increased agricultural productivity, and conversion from cropland to grasdand can
increase carbon sorage in oil. However, changes in land use and management, such as
clearing forests and grasdands and intensive tillage and harvest practices, release CO, to the
amosphere. Research in this areawill require collaboration with the Land Use and Land Cover
Change research ement to document globa patterns of land use and land cover and to
understand changes in them, dong with land management practices, as powerful drivers of
terredtrid carbon sinks and sources. This information highlights an urgent need for improved
undergtanding of the processes of land use change and the impacts of environmenta and
resource management decisons.

ILLUSTRATIVE RESEARCH QUESTIONS
What are the roles of past and current land use and management in terrestrid carbon
sources and sinks at loca to continental scales?
How do resource management practices and likely future changes in management affect
carbon that is stored in terrestrial ecosystems and durable products?
How do socid, palitica, and economic forces influence human decisons regarding land
use and resource management, and how might changes in these forces affect the carbon
cycle?

RESEARCH NEEDS

Maintenance and enhancement of the data collection and synthesis capabiilities of nationa
networks of long-term experimenta Stesin forests, rangelands, wetlands, agricultura lands, and
other ecosystemsis needed to provide an essentid foundation of ecosystem monitoring data.
US Carbon Cycle research will collaborate closay with operationa resource management and
inventory programs to ensure the availability of these needed long-term observations of
ecological processes, environmenta changes and impacts, and treatment effects. Continued
monitoring of carbon storage and fluxes (in soil, litter, vegetation, forest products, and woody
debris) and their response to various land use changes and resource management practices will
be required to accurately quantify the role of land cover and use change in the globd carbon
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cycle. Continued satellite land cover data products and new remote sensing estimates of
aboveground biomass are needed. Process studies linked with observations and long-term
manipulative experiments will be required to identify cause-and-effect relationships. Models are
needed to link ecosystem, management, policy, and socioeconomic factors to better project
future changesin both carbon storage and flux and land use and devel opment.

PRODUCTS AND PAYOFFS
Database of agricultural management effects on carbon emissions and sequedtration in
the United States (2 years).
Syntheses of effects of land cover and land use change on carbon sources and sinksin
Amazonia (2-4 years), Northern Eurasia (4 years), and the Pan-tropics (> 4 years).
Evauation of the impacts of disturbance (e.g., fire, logging, and land conversion) on the
fate of carbon in selected ecosystems (2 years) and additiona mgor ecosystems (> 4
years).
Quantification of the effects of different land use changes and management practices on
biomass and soil carbon storage and release (> 4 years).
Andyss of the effects of historical and contemporary land use on carbon storage and
release across environmenta gradients (> 4 years).
Linked ecosystem, resource management, and human dimensions models that enable
scientific evauation of awide range of policy scenarios and assessment of effects on
carbon sequestration, market prices, land alocation decisions, and consumer and
producer welfare (> 4 years).

Quantifying past and current effects of land use change and resource management on the carbon
cycle will enable policymakers and resource managers to predict how current activities will
affect the carbon cycle at multiple scales and to devel op dternative policies and practices to
mitigate the continued buildup of atmaospheric carbon (e.g., carbon sequestration through
agricultura management practices).

Question 5: What will be the future atmospheric carbon dioxide and
methane concentrations, and how will terrestrial and marine carbon
sources and sinks change in the future?

STATE OF KNOWLEDGE

Accurate projections of future atmospheric CO, and CH, levels are criticaly needed to
cdculate radiative forcings in modds that project changes in climate and their impact on the
sugtainability of natura resources and human populations. Changesin the Sze or intengty of
terrestrid and marine carbon sinks directly affect the amount of carbon emissonsthat remainin
the atmosphere, and, thus, must be projected aswell. There are severd different types of
carbon modds available, but most lack complete integration of al components, interactive
coupling, and/or full vaidation. While no one of these moddsisided, asagroup they are
becoming quite useful for exploring globa change scenarios and bounding potentia future CO,
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conditions and responses of ecosystems. Current models are less useful for projecting future
CH, conditions. Modding of future carbon conditions will require collaboration with the Human
Contributions and Responses and Atmospheric Composition (for CH,) research dements and
rely on scenarios requested by decisionmakers and provided by the Scenario Devel opment
element.

ILLUSTRATIVE RESEARCH QUESTIONS
What are important land use-dimate-carbon cycle interactions and feedbacks, and
which have the potentid to lead to anomal ous responses?
How will carbon sinks and sources respond to future increases in CO,, changesin
climate, and inherent neturd variability?
How can we best represent carbon cycle processes in models to produce redistic
projections of atmospheric concentrations?
How will the digtribution, strength, and dynamics of globa carbon sources and sinks
change in the in the next few decades and in the next few centuries?

RESEARCH NEEDS

Research under thistopic areawill focus on incorporating improved process understanding into
carbon cycle modds, developing new generations of terrestrial and ocean carbon exchange
models, and developing Earth system modes with a dynamic coupling between carbon cycle
processes and the climate system. In particular, improved models must address managed as
well as natura ecosystems and incorporate the effects of multiple, interacting factors and human
influences. Advancesin the future will be made through a combination of observations,
manipulaive experiments, and synthes's viamode's enabled by increases in computationa
capabilities. Collaboration with the Ecosystems research element will be essentidl.

PRODUCTS AND PAYOFFS
Advanced carbon models that include the long-term effects of actud land use history
(2-4 years).
Advanced carbon models that are able to smulate interannud variability at ecosystem
and landscape scales (2-4 years).
Synthesis of whole ecosystemn response to increasing CO, based on experimental
manipulation of CO, (2-4 years).
Anayss of globa CH, dynamics, with the potential for reduced uncertainties, based on
anew synthesis of observationd data and improved modding (2-4 years).
Advanced carbon cycle modes that incorporate improved parameterizations based on
data from manipulative experiments and soil carbon transformation studies (> 4 years).
Synthesis of whole ecosystem response to combined warming and increasing CO, (> 4
years).
Improved projections of climate change forcings and quantification of dynamic
feedbacks among the carbon cycle, human actions, and the climate system, with better
estimates of uncertainty and errors, from prognostic carbon cycle models (> 4 years).
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New understanding of the controls on carbon cycle processes will be provided to improve
parameterizations and/or mechanigtic portrayasin climate models. Projections of future
amospheric concentrations of CO, and CH, will be made available for use in gpplied climate
models. Both will ad inimproving mode projections of future climate change and its effects on
the Earth system.

Question 6: How will the Earth system, and its different components,

respond to various options being considered by society for managing

carbon in the environment, and what scientific information is needed
for evaluating these options?

STATE OF KNOWLEDGE

Questions abouit the effectiveness of carbon sequestiration, the longevity of storage, the
practicdity of reducing emissions, technologica options, resultant impacts on natura and human
systems, and the overal economic viability of carbon management approaches create an
imperative for better scientific information to inform decisonmaking to manage carbon.
Presently, thereis limited scientific information to support carbon management strategies, and
little is known about the long-term efficacy of new management practices for enhancing carbon
sequestration or reducing emissons or how they will affect components of the Earth system.
Thisdement links to the Nationd Climate Change Technology Initiative (NCCTI), which
focuses on engineered technologies, carbon offsats, and economic systems.

ILLUSTRATIVE RESEARCH QUESTIONS
What are potentid magnitudes, mechanisms, and longevity of carbon sequestration by
terredtria and marine systems?
How will eevated CO,, dimatic variability and change, and other environmentd factors
and changes (such as air, water, and land pollution; changing landscapes and naturdl
disturbance; and intrinsic human productivity) affect carbon cycle management
approaches?
What scientific and socioeconomic criteria should be used to evauate the sengitivity of
the carbon cycde and the vulnerability and sustainability of carbon management
approaches?

RESEARCH NEEDS

Research to andyze the effects on terrestria and marine systems and to scientificaly assessthe
short- and long-term efficacy of carbon management practicesis needed. Field Sudies,
manipulative experiments, and modd investigations will be needed to evauate the effectiveness
of designed management approaches to manipulate carbon in the ocean, land, and atmosphere,
and to assess their impacts on naturd and human syslems. New monitoring techniques and
drategies to measure the efficacy of carbon management activities will aso be needed.
Experiments and process studies will dso be needed to evaluate the likelihood of unintended
environmental consequences resulting from enhanced carbon sequestration. Research on the
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scientific underpinning for carbon management draws upon products from carbon cycle
research questions 1-5, and will coordinate with the Ecosystens research eement and the
NCCTI aswdl as public and private programs responsible for devel oping and/or implementing
carbon management. Two types of models are required: those that incorporate understanding
of basic processesinto evauation of natural and enhanced mechanisms of carbon sequestration,
and those that assess the economics of carbon management optionsin the agricultura and
forestry sectors. Research is aso needed to support assessments of carbon management and
sequestration potentials, decisonmaking processes that involve multiple land management
scenarios, and the role of sequestration mechanisms for caculating net carbon emissons
intengty.

PRODUCTS AND PAYOFFS
Monitoring techniques and strategies to improve quantitative measuremert of the
efficacy of carbon management activities (2-4 years).
Evduation of the biophysicd potentia of US ecosystems to sequester carbon (sdlected
regions. 2 years, US: 4 years) and assessment of carbon sequestration management
practices in crops and grazing systems (warm and cool Season grasses. 2 year's,
irrigated systems and grazing systems and other crops. 4 years).
| dentification of the effects of enhanced nutrient availability on carbon uptake in the
ocean and of elevated CO, on terrestrid plant physiology and carbon dlocation (> 4
years).
Anaysis of options for science-based carbon management decisions and deployment by
landowners (> 4 years).
Scientific criteriaand model tests of carbon management sustainability that take into
account system interactions and feedbacks (> 4 years).

This research will provide the scientific foundation to inform decisons and strategies for
managing carbon stocks and enhancing carbon sinksin terrestria and oceanic systems. Firm
quantitative estimates of key carbon cycle properties (e.g., rate, magnitude, and longevity) will
provide fundamenta information for projecting carbon sequestration capacity, for caculating net
emissons, and for full carbon accounting.

Key Linkages

US carbon cycle science will be conducted in cooperation with al the other Climate Change
Research Initiative (CCRI) and US Globa Change Research Program (USGCRP) research
elements as wdll as other research, operationd, infrastructure, and technology development
programs. Cooperation with programs that provide nationad computationa infrastructure and
data management systems will be essential. Collaboration with the Land Use/Land Cover
Change research dement (Chapter 9) for Carbon Cycle question 4 will be especidly critical.
The enhanced observational networks needed to address Carbon Cycle questions 1-3 will need
to be planned in close coordination with the Climate Quality Observations, Monitoring, and
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Data Management element (Chapter 3). Addressing Carbon Cycle question 6 will require
scientific studies conducted in close cooperation with the NCCTI and public and private
projects that devel op and implement management approaches to sequester carbon or reduce
emissons. Linkages to Ecosystems (Chapter 10), Water Cycle (Chapter 7), Applied Climate
Modedling (Chapter 4), Atmaospheric Composition (Chapter 5), Human Contributions and
Responses (Chapter 11), Climate Variability and Change (Chapter 6), and Scenario
Development (Chapter 4) research elements will also be important.

Internationa cooperation will be necessary to coordinate globa observationd networks,
integrate scientific results from around the world, and ensure widespread utility of the State of
the Carbon Cycle Report and model projections. Partnerships are anticipated with Integrated
Globa Observing Strategy (1GOS) Partners and the globa observing systems. Interactions
with and contributions to the Globa Carbon Project of the Internationd Geosphere-Biosphere
Programme, the Internationa Human Dimensions Programme, and the World Climate Research
Programme will be important. US carbon cycle research will contribute to bilaterd activities
being developed by the adminitration.
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CHAPTER 10

ECOSYSTEMS

This chapter’s contents...

Question 1: What are the most importart linkages and feedbacks between ecosystemns and global
change (especidly climate), and what are their quantitative relationships?

Question 2: What are the potentia consequences of globa change for ecosystems and the
delivery of their goods and services?

Question 3: What are the options for sustaining and improving ecosystem goods and services
vaued by societies, given projected globa changes?

Key Linkages

Ecosystems sugtain life on Earth by providing awide variety of goods and services, including
food, fiber, shelter, energy, clean air and water, and recycling of eements. From ahuman
perspective, ecosystems provide renewable resources, together with culturd, spiritud, and
recreationd benefits. During the next 10 years, research on ecosystems will focus on two
overarching questions:

- How do natural and human-induced changes in the environment
interact to affect the structure and functioning of ecosystems at a range
of spatial and temporal scales, including those functions that can in
turn influence regional and global climate?

What options does society have to ensure that desirable ecosystem
goods and services will be sustained or enhanced in the face of potential
regional and global environmental changes?

Globd environmental changes are dtering the structure and functioning of ecosystems, affecting
in turn the flow of ecosystem goods and services. Research during the last decade focused on
the vulnerability of ecosystemsto globa change and contributed to assessments of the potentia
impacts of globa change on ecosystems at multiple scales. We now know that impacts of
environmenta changes and variability may be manifested in complex, indirect, and conflicting
ways. For example, warming may enhance tree growth by extending growing season length, but
pathogens able to survive the winter because of higher temperatures may decrease forest
productivity and further increase vulnerability to disturbances such asfire. Subtle changesin the
sdinity or temperature of ocean currents may ater the ranges and population sizes of fish
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gpecies and increase or decrease fish catches. Whether environmenta changes are
anthropogenic or naturd in origin, human societies face substantial chalengesin ensuring that
ecosystems sustain the goods and services on which we depend for our qudity of lifeand, in
some cases, for survivad itsf.

Ensuring the provison of ecosystemn goods and services needed and vaued by a growing human
population requires understanding the interactions among basic ecosystem processes and
developing approaches to reduce the vulnerahilities or take advantage of opportunitiesthat arise
within ecosystems as aresult of globa change. Scientific research can contribute to this societd
god by addressing three questions that will provide information to determine linkages and
feedbacks between ecosystems and drivers of globa change, identify important consequences
for ecosystems on which societies depend for crucid goods and services, and identify options
for how society might respond to sustain and enhance ecosystem goods and services as
environmenta conditions change.

Question 1: What are the most important linkages and feedbacks
between ecosystems and global change (especially climate), and what
are their quantitative relationships?

STATE OF KNOWLEDGE

Biological, chemicd, and physica processes occurring in ecosystems affect and are affected by
wesether and climate in many ways. For example, ecosystems exchange large amounts of
greenhouse gases with the atmosphere, including water vapor, carbon dioxide (CO,), methane
(CHy), and nitrous oxide (N,O). Moreover, the reflection (or absorption) of solar radiation by
ecosystemsis important to the temperature of Earth’s surface, and several ecosystem processes
affect thisreflection. Linkages among the physicd, chemica, and biologica components of
ecosystems are important on short time scaes (minutes to days) as well as over the long term
(yearsto millennia). Globa change hasthe potentid to dter ecosystem structure (e.g., amount
of leaf areq, plant height, or species composition) and ecosystem functioning (e.g., rate of
evapotranspiration, carbon assmilation, or nitrogen cycling), and those potential ecosystem
changes might themsdves dter linkages between ecosystems and the globd chemicd and
physical environments and therefore contribute to globa change through numerous feedback
mechanisms

The most important feedbacks (either poditive or negative) are likely to involve:
- Altered ecosystems exchanges of greenhouse gases (e.g., water vapor, CO,, CHy,
N0O);
Altered ecosystem exchanges of aerosols (such as black carbon and sulfur resulting
from controlled and uncontrolled ecosystem burning);
Altered releases of volatile organic compounds;
Changes in ecosystem/surface abedo; and/or
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Changes in the fraction of absorbed solar radiation that is“used” to evaporate water
compared to directly heeting the plants and soils in ecosystems.

Better understanding of ecosystem feedbacks on climate and atmospheric chemistry is needed
to predict future climate and to inform policy decisons. Achieving this understanding will
require collaboration with the Carbon Cycle (Chapter 9), Water Cycle (Chapter 7), and Land
Use/Land Use Change (Chapter 8) research e ements.

Feedbacks

A feedback from ecosystems to globa change occurs when a change in the environment causes
achange in the ecosystem (either its structure or functioning) that in turn aters the rate of the
environmenta change. A positive feedback intendfies the environmental change whereas a
negative feedback dowsthe change. Both positive and negative feedbacks could be brought
about in many ways. A positive feedback could occur, for example, if warming and drying
(caused by risng atmaospheric CO,) of high latitude ecosystems containing large amounts of
carbon in plants and soils (e.g., tundra and pestland) resulted in greater ecosystem respiration.
That increase in respiration would accelerate the atmospheric CO, increase, which could
accelerate the warming and drying. A negative feedback might occur if, for example, rising
atmospheric CO, increased the geographic expansion of ecosystems into presently unfavorable
environments and the increased areal extent of those ecosystems resulted in grester transfer of
CO, from the atmosphere into the expanded ecosystems where it was stored in plants or soils.
Complex feedbacks could occur if climatic change (perhaps accompanied by modified human
activities in response to such changes) leads to land cover changes (e.g., ice/snow cover;
baance between greenness, desertification, and urbanization; plant community changes) that
dter the Earth’s dbedo, which itsdf could further modify climate.

ILLUSTRATIVE RESEARCH QUESTIONS
How might various global and regiona environmenta changes (e.g., temperature and
precipitation) affect net ecosystem exchanges (or timing or geographic distribution of
those exchanges) of greenhouse gases?
How might changes in climate and greenhouse gas concentrations, in combination with
other factors such as land use/cover changes, affect nutrient cycling, ecosystem abedo,
and energy exchange?
How might changesin regiond ar qudlity, including chemicas and aerosols released
from disturbances such as wildfires and crop residue burning, in combination with other
global changes, affect ecosystemn albedo and exchange of greenhouse gases?
How might changes in ecosystems (particularly in the Arctic) dter ocean circulation, and
could this contribute to aorupt changes in regiond climates?
How might various human activities, including redigtribution of nutrients and water, affect
the release or uptake of greenhouse gases by various ecosystems (e.g., wetlands,
croplands, deserts, tundra, pastures and rangeland, coastal/estuarine systems, forests,
lakes and rivers, and urban areas)?
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RESEARCH NEEDS
Ecosystems research needs include ecologica experimenta facilities, improved ecosystem
models, and enhanced ecosystern monitoring capabilities and programs (at different scaes) to
link point observations with remote sensing data to scale up. New research and monitoring
programs may be too expengve, so the mgor efforts might be directed at enhancing existing
caodallltles Specific research needs include:
Large-scde fidld experiments and long-term ecological monitoring facilities required to
understand ecosystem-environment interactions (focusng on ecosystem greenhouse gas
and energy exchanges) to devel op data needed to parameterize, cdlibrate, and evauate
models of ecosystemdimate-atmospheric chemistry feedbacks;
Modelsthat link remote sensing of land surface abedo to changes in the spatid
digtribution of ecosystems and exchanges of mass, energy, and momentum for
implementation in generd circulaion modds, and
Spatidly explicit ecosystem models capable of representing complex interactions
between diverse ecosystems and the physica/chemica environment.

PRODUCTS AND PAYOFFS
Reports presenting a synthesis of current knowledge of observed and potential
(modeled) feedbacks between ecosystems and global/climate change, to aid
understanding of such feedbacks and identify knowledge gaps for research planning (2
years).
Identification of indicators of ecosystemn change that are most important to feedbacks to
climate and atmospheric chemidry, to help identify early responses and focus on
important potential consequences (3 years).
Definition of theinitia requirements for monitoring of ecosystems to quantify feedbacks
to climate and atmospheric chemidtry, to guide enhancement of existing environmental
monitoring programs, and possibly create new ones (4 years).
Quantification of important long-term relationships between potentia globa change
(especidly multiple factors), linkages between ecosystemns and climate, and resulting
feedbacks to the atmosphere and ocean, to improve the accuracy of climate projections
(>4 years).

Question 2: What are the potential consequences of global change for
ecosystems and the delivery of their goods and services?

STATE OF KNOWLEDGE

Thereis considerable evidence that ecosystems are dready responding to globa change,
including climate change and variability and changes in aamospheric chemidtry. For example,
responses to changes in asingle property (e.g., risng or extreme temperatures) have been
linked to longer growing seasons (period of leaf display), grass species decline, changesin lake
acidity, and cora bleaching. Climate change variables dso interact. For example, increased
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temperatures in the tropics may increase cora bleaching and expand the range of cords
poleward. These and other observations have come from long-term ecological research and
monitoring, as well as from shorter-term, individua investigations. The few programs that
support long-term observations (e.g., forest productivity, ultraviolet (UV) radiation fluxes,
nitrogen deposition, and the spread of invasive species) have unambiguoudy established that
large-scale ecologica changes are occurring.

Most ecosystems are subject to multiple changes a any given time. Recent reviews have
summarized the range of observed and potential undesirable consequences of combinations of
climate and other loca and shorter-term drivers (e.g., invasive species, nutrient pollution, and
physica habitat modification) on coasta and marine ecosystems. In terrestrid systems,
increased primary productivity driven by increased CO, dependsin part on soil fertility, and
warming has the potentid to dter the effects of risng CO, on primary production processes.

| nteractions among temperature change, precipitation, and fire regimes can influence ecosystem
vulnerability to invasive species. Surviva and spread of pathogens and their vectors (carriers)
are highly dependent on climate and wegther, thus, climate change and increased weather
variability can be expected to affect disease-causng organisms that can dter population sizes
and genetic diversty of humans, animas, and plant hogts.

ILLUSTRATIVE RESEARCH QUESTIONS
What are the effects of multiple environmenta changes on the structure, functioning, and
biodiversty of terrestrid and aquatic ecosystems, particularly changesin CO,, ozone,
temperature, nitrogen cycling, UV radiaion, sealevd rise, precipitation patterns, and
regiona and globa ocean circulation?
How do changesin climate, climate variability, or weether varigbility intensfy or mitigate
the effects of other ecosystem stresses (e.g., pollution, invasive species, and changesin
land and resource use)?
What impacts will globa environmenta change have on the ddlivery of ecosystem goods
and services such asforest and agriculturd productivity, groundwater recharge, flood
protection, fisheries, and recreation, and which will have the greatest socioeconomic
impacts on humans?
How do changesin climate and wegther (both variability and extremes) affect the
ecology and epidemiology of infectious pathogens, dissemination by their vectors, and
the susceptibility of the humans, animads, and plants that are their hosts?

RESEARCH NEEDS

Identifying and quantifying the consequences of globa change for ecosystemsis essentia for
accurately ng options for responding to ecosystem changes. Determining the most
important and societdly relevant ecosystemn responsesto globa change will require
collaboration among the physical, biological, and socid science communities and an improved
understanding of complex interactions between natural and human disturbances and climate
variability. Some specific research needs to support this effort include:
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Investigations of the link between biodiversity and ecosystem functions and flows of
SEViCes,

Experiments on intact naturd ecosystems to sudy the interactive effects of climeate
change, elevated CO,, nutrient/pollution deposition, and other factors on key species
and ecosystems,

Remote sensing data to quantify key characterigtics (e.g., vegetation compaosition and
structure, biomass amount, and disturbance patterns) of present ecosystems, monitor
trends in ecosystem changes, and link these observations to known processes,
Studies to connect contemporary and historical changes in ecosystem structure and
functioning; and

Maintenance and enhancement of basic remotely sensed terrestria, atmospheric, and
ocean monitoring systems and networks to monitor trends and provide necessary data
to observe changes, parameterize modds, and verify mode projections.

PRODUCTS AND PAYOFFS
Reports describing the potentid consequences of globd and climate change on arange
of terredtrid, freshwater, and marine ecosystems (e.g., Arctic and estuarine ecosystems,
fire- susceptible ecosystems; Gresat Lakes) based on available research findings, to dert
decisonmakers to the most likely conseguences to ecosystems (2 years).
Summaries of information to identify indicators of ecosystemn change most important to
the ddlivery of goods and services, and summaries of requirements for monitoring and
modeling those ecosystems to enable tracking and forecasting changes to societally-
relevant aspects of ecosystems (4 years).
Spatidly explicit ecosystem models at regiond to globa scales, based on datafrom
experimental manipulations focused on the effect of interactions among globa change
variables, to improve our capacity to observe contemporary, historica, and long-term
changes in ecosystem structure and functioning (> 4 years).

Question 3: What are the options for sustaining and improving
ecosystem goods and services valued by societies, given projected
global changes?

STATE OF KNOWLEDGE

As described previoudy, experiments and observations have demongtrated linkages between
climate and ecological processes that indicate that possible future changesin climate could alter
ecosystems in ways that might disrupt the flow of ecosystem services. Research has identified
and evaluated some specific adaptation measures, including integrated land and water
management; sdection of plants and livestock for many intensive systems, multiple cropping
sysems multiple-use systems for freshwater and land systems; protection programs for key
habitats, landscapes, and/or species, intervention programs (e.g., captive breeding and/or
introduction programs); efficient use of naturad resources; and indtitution and infrastructure
mechanisms (e.g., market responses, crop insurance, and water flow and supply management).
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Research has investigated how management practices may affect climate-related ecosystem
sarvices. For example, ecosystems emit greenhouse gases such as CHy, N,O, CO,, water
vapor, and aerosols; they store carbon, nitrogen, phosphorus, and other dementsin soils,
plants, wetlands, and oceans; and they reflect solar radiation. Management practices may result
in pogtive or negative feedbacks to the climate system by dtering emissons, carbon and nutrient
dorage, or reflectivity of the Earth’s surface. However, while specific management dirategies
have been investigated, society’ s knowledge and ability to manage the broad array of

ecosystem sarvicesin the context of increasing and potentidly conflicting demandsis extremely
limited.

ILLUSTRATIVE RESEARCH QUESTIONS
How could aguatic ecosystems (e.g., rivers and cord reefs) be managed to baance the
production and sustenance of ecosystem services across multiple demands (e.g.,
management of riversto supply freshwater for drinking, irrigation, recreation, and
aquatic species, and management of cora reefs for tourism, eroson protection, refugia
for commercialy and recreationaly important species, recregtiond and culturd
activities, and biodiversity), considering the future effects of interacting globa changes?
How might terrestrial ecosystems such as rangelands, forests, woodlands, and
agricultural lands be managed to balance the production and sustenance of ecosystem
sarvices across multiple demands (e.g., food, fiber, fud, fodder, recreation, non-wood
forest products, biodiversity, biogeochemica cycles, tourism, and flood and storm
control), conddering the future effects of interacting globd changes?
What options exist for society to preserve genetic diverdty, respond to species
migrations or declines, and manage changing disease incidence and severity in the face
of environmenta change?
What are the effects of management techniques on globd or regiona environments (e.g.,
atmospheric chemidry; water supply quantity and qudity), nitrogen cycling, and the
maintenance of hedth, productivity, and reslience of ecosystems?
What dependency, use and value do societies have for non-market services provided
by terrestrial and aguatic ecosystems?

RESEARCH NEEDS
Thereisaneed for evauations of the influences of societal needs and demands on ecosystems
and the vaues that societies place on ecosystem goods and services. Precise understanding of
effective options to maintain and enhance the supply of critical goods and services will require
substantid improvements in modding cgpabilities to project impacts of interacting environmental
changes on ecosystem services and to eva uate the effectiveness of aternative management
responses. Specific research needsinclude:
Exploring the causa mechanisms that create the complex changes in ecosystemn services
across multiple scales, including development of genetic and molecular tools to better
understand, manage, and predict ecosystem/environment interactions;
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Integrated analyses of how ecologica information, technology, forecasts, and scientific
uncertainties may affect human behavior and be incorporated into environmenta
decisonmaking;

Development of loca to regiond decision support tools linked to fully interactive
ecosystem-climate models cgpable of smulations to evaduate dimate change scenarios;
and

Development of methods, tools, and management gpproaches to sustain ecosystem
services, coupled with an assessment of the direct and indirect effects of these
approaches.

PRODUCTS AND PAYOFFS
Datafor preiminary comparisons of the effectiveness of selected forestry and
agricultura management practices (eg., fud management, slviculture, timber harvesting,
crop and tree genetics, nutrient management, tillage systems, irrigation, and crop
rotations) in selected regions focusing on N,O emissions, trace gas fluxes, and hedth
and productivity of the targeted ecosystems and their services under changing
environmental conditions (2 years).
Datafor preliminary comparisons of the effectiveness of sdected management practices
in other types of ecosystems (e.g., wetlands, fisheries, boreal forests, tundra, and coral
reefs) in sdlected regions focusing on N,O emissions, trace gas fluxes, and hedth and
productivity of the targeted ecosystems and their services under changing environmenta
conditions (4 years).
Data and spatidly explicit models for examining the impact of management and policy
decisions on awide range of ecosystems, to predict the efficacy and tradeoffs of
management strategies a varying scaes relevant to the decisons a hand (> 4 years).

Key Linkages

Given the nature of the drivers of ecosystem change, research must span spatial scales (from
amd| experimentd plots to globd satellite image mosaics), time scales (taking data from ice
cores, treerings, and fossi| pollen to near-real-time forecast models), and the scientific eements
of thisplan. Monitoring systems at multiple spatid scaes are needed to develop a consstent
record of environmenta change over time. Data from such observation syssems would provide
inputs to models and dso alow evauation and improvement of mode performance. The
resulting large collections of environmenta data will necessitate large databases. Interagency
facilities and mechanisms must be in place to process, archive, and distribute the data collected
and generate relevant products.

Future observation systems may rely on networks of terrestria and aquatic ecosystem
observatories within particular biomes or larger ecoregions. They should link together and build
on existing networks of field stations, experimenta forests and ranges, environmenta and
resource monitoring programs, and long-term ecologica research sites sponsored by many
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different government and academic organizations, many of which have lengthy records of
environmenta and ecologica data.

For the ecosystemns research community to make significant contributions to our understanding
and management of globa change, explicit scenarios and information to drive ecosystem models
must be obtained from other research elements under this plan, including Scenario Deve opment
and Applied Climate Modeling (Chapter 4), Atmospheric Composition (Chapter 5), Climate
Variability and Change (Chapter 6), Carbon Cycle (Chapter 9), Water Cycle (Chapter 7),
Land Use/Land Cover Change (Chapter 8), and Human Contributions and Responses (Chapter
11). Inturn, products from studies of the linkages between globa change and ecosystemns can
be expected to improve the scientific products of these other plan eements. Collaboration with
appropriate internationa efforts will involve programs and organi zations such as severa
sponsored wholly or in part by the Internationad Geosphere-Biosphere Programme (IGBP),
including the Globa Climate and Terrestrid Ecosystems (GCTE) project, the Global
Environmental Change and Food Systems (GECaFS) project, or the Biospheric Aspects of the
Hydrological Cycle (BAHC) project. Scientists conducting research under the Ecosystems
eement of this plan will participate in the planning of internationd collaboration activities
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CHAPTER 11

HUMAN CONTRIBUTIONS AND RESPONSES TO
ENVIRONMENTAL CHANGE

This chapter’s contents...

Quedtion 1. What are the magnitudes, interrdaionships, and sgnificance of the primary human
drivers of change in atmospheric composition and the climate system, changesin land use and
land cover, and other changes in the globa environment?

Quedtion 2: What are the current and potentid future impacts of globa environmenta variability
and change on human welfare, what factors influence the capacity of human societies to respond
to change, and how can resilience be increased and vulnerability reduced?

Question 3: How can the methods and capabilities for societal decisonmaking under conditions
of complexity and uncertainty about globa environrmental variability and change be enhanced?

Quedtion 4: What are the potential human hedlth effects of globa environmenta change, and
what tools and climate and environmental information are needed to assess and address the
cumulaive risk to hedth from these effects?

Key Linkages

Human activities play an important part in virtudly al “naturd” systems and are changing the
environment at loca, regiona, and even globa scaes. Socid, economic, and cultura systems
aso are changing in aworld that is more populated, urban, and interconnected, increasing the
resilience of some groups while increasing the vulnerability of others. A more integrated
understanding of the complex interactions of human societies and the Earth system is essentid to
identify vulnerable systems and pursue options to take advantage of opportunities and enhance
resilience.

The need for research on human contributions and responses—sometimes referred to asthe
"human dimensons' of globa change—motivates research questions throughout this plan.
Human dimensions research includes studies of potentia technological, socid, economic, and
culturd drivers of globa change, and how these and other aspects of human systems may affect
adaptation and the consequences of change for society. Much of thisresearch is“cross-
cutting” —integra to explorations of causes and impacts of changes in atmospheric composition,
climate, the water cycle, the carbon cycle, ecosystems, land use and land cover, and other
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globa changes. Research on human contributions and responses also is an area of study inits
own right. Common forcing scenarios must be developed that integrate information from
different research dements. Theinteracting impacts of multiple environrmenta stressorson
human activities must be examined. New hypotheses, methods, and models must be devel oped
and tested.

A series of nationd and internationa reports has identified a broad research agenda addressing
human contributions and responses (including adaptation) to globa change. The Nationd
Research Council (NRC) hasissued severd reports that identify key research issues, most
recently induding Global Environmental Change: Research Pathways for the Next Decade
(NRC, 19994), which includes a chapter on "Human Dimensions of Globa Environmenta
Change,” and Under the Weather: Climate, Ecosystems and Infectious Disease (NRC,
2001c). The NRC report Climate Change Science: An Analysis of Some Key Questions
(NRC, 20014) concluded that, “In order to address the consequences of climate change and
better serve the Nation’ s decisonmakers, the research enterprise dedling with environmental
change and environment-society interactions must be enhanced.” This enterprise should include
(among other dements), “support of interdisciplinary research that couples physica, chemicd,
biological, and human systems.” This chapter draws from these reports and from priority areas
identified by the research community through federd research programs.

Two overarching questions for research on the human contributions and responses to global
change are:
How do humans and human societies drive changes in the global
environment?
How do humans respond to global environmental change?

These questions are addressed through research focused on the following aress.
- Human forcing of the climate system, changes in land use and land cover, and other
globd environmenta changes,
Impacts of global change on societies and societa vulnerability, reslience, and adaptive
capacity in responding to the impacts;
Decisonmaking under conditions of complexity and uncertainty; and
The potentid effects of globd change on human hedth.

In dl of these areas of research, there is a particularly strong need for the integration of socid,
economic, and heath data with environmental data. Thiswill require data from physicd,
biologicd, socid, and hedth disciplines on compatible tempord and spatid scales, to support
the integration of the data for research and to support decisonmaking.
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Question 1: What are the magnitudes, interrelationships, and
significance of the primary human drivers of change in atmospheric
composition and the climate system, changes in land use and land
cover, and other changes in the global environment?

STATE OF KNOWLEDGE

The influence of human drivers of globa environmental change may be greeter, yet be modeled
with more uncertainty, than the influence of some factors studied in the natura sciences. For
example, as difficult asit might be to predict the response of tropica foreststo increasing levels
of carbon dioxide (CO,), it is probably more difficult, yet might be more important, to project
the rates and patterns of global deforestation and the potentia effectiveness of policiesto
contradl it.

The subject of potentiad human driversis very broad. Research has been conducted for many
yearsin many fields and for many reasons. However, the level of understanding achieved to
dateis quite uneven. Researchers who need to mode human actions in order to project future
conditions and conseguences often find the foundation for quantitative modd s lacking.

ILLUSTRATIVE RESEARCH QUESTIONS

What are the key processes and trends associated with population growth and demographic
change, technological change, and trade and globa economic activity, and how can improved
understanding of these issues be used to improve scenarios and projections of globa change?

Population growth and demographic change

What are the rel ationships among demographic changes, migration, and other related
variables such as economic productivity, energy use, and ecosystemn services?

How do people use information and form perceptions about potentia changesin hedth
gtatus to make decisions about migration, compared to information and perceptions
about other factors, such as economic status?

Technological change
Wheat induces technological innovation and adoption of new technologies?
Wheat affects the transfer of technology from country to country?
What can be predicted about the future of energy technologies, carbon sequestration
options, and agricultura productivity?
How do food production decisions (including land use, technology choice, and
exposure to chemicals) affect environmenta change?

Trade and global economic activity

What influences the movement of goods and services domesticaly and from one
country to another, and how do operational and technologica changes affect economic
productivity and energy use?
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How are environmentd risks to health affected by structurd economic changes, such as
shifts from rura to urban lifestyles, changing modes of trangportation, and opennessto
international trade?

How is growth in economic productivity and increasing energy use related to emissons
of contaminants and changes in land and water use?

RESEARCH NEEDS

Key needs have been identified, including:
Development of integrated assessment modd s with the ability to analyze the effects of
measures directed a the reduction of urban air pollution and greenhouse gas emissors;
Development of integrated assessment models that introduce new energy and carbon
sequestration technologies,
Comprehensive studies of greenhouse-relevant emissions and potentid climate change
that include carbon aerosols in an integrated assessment model and the appropriate
specification of emissons, costs of control, and chemicad and radiative characterigtics of
those aerosols,
The development of the capability to study the economic and trade effects of control
measures that differ in complex ways, both within and among countries, including broad
policy approaches (e.g., emissons targets, technology subsidies, voluntary nationa
gods) and means of implementation (e.g., voluntary programs, taxes, cgp and trade
systems, and quantity condraints).
Assessment of the full costs and benefits (including productivity impacts) of
environmental policy and technology choices that affect human hedlth a the individud or
household leved; and
Anayss of how socid, cultura, and economic factors affect the discounting of future
hedlth and environmental costs and benefits.

PRODUCTS AND PAYOFFS

Users of the results of this research will have an improved understanding of the varigbles
affected by human actions. For example, the preparation of scenarios will be strengthened by
an improved understanding of the interdependence among economic growth, population growth,
energy consumption in different sectors (e.g., eectricity, trangportation), pollutant emissions, and
migration. Research will provide abass for improving the development and evauation of those
scenarios.

Question 2: What are the current and potential future impacts of
global environmental variability and change on human welfare, what
factors influence the capacity of human societies to respond to change,
and how can resilience be increased and vulnerability reduced?
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STATE OF KNOWLEDGE

Research has shown that the extent to which globa environmental change can affect societies
depends as much on the socid systems that lead to vulnerability as onthe biophyscd systems
that cause environmenta change. Thisisthe case, for example, in understanding how climate
variability in the past has affected societies. According to the NRC Pathways report (NRC,
1999), “amajor conceptual advance occurred in moving from impact assessments based on
climate modd scenarios to andyses based on an understanding of vulnerability. For example,
rapid increases in water demand have increased drought vulnerability, and the spread of urban
Settlements into coastal and flood-prone regions has increased vulnerability to sealeve rise and
severe torms.” Moreover, the capacity of society to prepare for climate impacts will be
influenced in part by the capacity of individuas and indtitutions to respond to improved scientific
information.

ILLUSTRATIVE RESEARCH QUESTIONS
How may methods be refined to accurately assess the combined impacts of climate
change, changesin water qudity and availability, land use change, sealeve rise, and
ecosystem change?
How does vulnerability in human sysemsto globa environmenta change develop and
how can it be reduced?
What are the determinants of and processes associated with the capacity for
adaptation?
How can society use improved informetion about the climate system and its potentia
impacts to adapt more effectively to possible future changes?

RESEARCH NEEDS

Associated research needs include empirica studies, fiedld campaigns, and modd-based
amulation studies of the influence of socid and economic factors on vulnerability and adaptive
capacity in households, organizations, and communities;, analyses of the consequences of repid
climate changesin the past and the ability of hazard and resource management indtitutions to
respond to surprising shiftsin climate and to seasond forecasts, and studies analyzing the factors
that affect adaptive capacity in the context of multiple socid and naturd system stresses (climate
change, land use change, population change and movements, sealeve rise, and changesin
politica indtitutions).

PRODUCTS AND PAYOFFS

Research on these questions can be expected to improve andytica methods and models of how
climate variability and change, land use change, population change, sealevd rise, and other
globa environmenta changes affect decisonmaking in public hedth, water managemernt,
agriculture, transportation infrastructure, urban areas, coastd areas, and other climate-sengtive
sectors. Improved communication and dissemination of accurate climate information, including
characterization of uncertainty, is being developed that attempts to meet the needs of
decisonmakersin these sectors.
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Question 3: How can the methods and capabilities for societal
decisionmaking under conditions of complexity and uncertainty about
global environmental variability and change be enhanced?

STATE OF KNOWLEDGE

Research suggedts thet the potentia socia and economic impacts of globa climatic varigbility
and change may be very large. Much less research has been devoted to examining how
individuas, organizations, and governments can make better decisions to reduce risks and take
advantage of opportunities related to globa climatic variability and change.

ILLUSTRATIVE RESEARCH QUESTIONS

How can methods or approaches be improved:
For representing, propageating, andyzing, describing, and communicating uncertainties?
For understanding the economic costs and opportunities (societd, organizationd, and
individud) from globa dimatic variability and change?
For representing how individuas, organizations, and societies make choices regarding
threats whose consequences are long-term and uncertain?
For evaluating and comparing the effectiveness of different approaches to modeling
decisonmeaking?
For understanding the role of private, governmenta, and socia decisonmaking affecting
hedlth and environmental outcomes?

RESEARCH NEEDS

Associated research needs include research to determine what information is required by
individuas, organizations, and governments to make better decisions regarding globa
environmenta variability and change; what individuas, organizations, and governments know
(and do not know), including uncertainties, about the state of scientific knowledge regarding
globa environmenta change; and what decision resources would be most useful for different
decisonmakersin different positions.

PRODUCTS AND PAYOFFS

Research on these questions will enable the development of assessments of the kind of
knowledge and information needed by different decisonmakers and stakeholdersin order to
enhance decisonmaking associated with climate change, and will produce decision support
resources.

Question 4: What are the potential human health effects of global
environmental change, and what tools and climate and environmental
information are needed to assess and address the cumulative risk to
health from these effects?
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STATE OF KNOWLEDGE

It iswdl established that human hedith is inextricably linked to the environment, and that changes
in the naturd environment may have a subtle, or even dramdtic, effect on hedth. Over the past
decade, severd research and agenda- setting exercises have called for continued and expanded
research and development of research methodsin thisarea. Given the complex interactions
among physicd, biologica, and human systems, this research must be highly interdisciplinary,
well integrated, and span the breadth from fundamental research to operations. An
interdisciplinary research program to examine the linkages across these sectorsis being initiated
in 2003. Focusing on globd and developing country impacts, it will begin to improve
undergtanding of how human hedith is affected by smultaneous environmenta and economic
shifts

Federdly supported research has thus far provided information on abroad range of hedlth
effects of globa change, including the adverse effects of 0zone, amospheric particulates,
ultraviolet (UV) radiation, and heat-related illnesses. Research continues to improve
undergtanding of the impact of dimate variability on certain infectious diseases, and researchers
are developing tools and information products for anticipating and managing these impacts that
capitaize on the enormous protections afforded by wedth and the public health infrastructure.
However, many questions remain unanswered.

ILLUSTRATIVE RESEARCH QUESTIONS
What are the impacts of changes in water quantity and qudity, temperature,
ecosystems, land use, and climate on infectious disease, and can the capacity for
prevention, early detection, and effective response be improved?
What are the impacts of aimospheric and climatic changes on the hedlth effects
associated with ambient air quaity and UV radiation?
What are the hedlth effects and effective response strategies associated with
temperature extremes and with extreme weather events?
What are the best methods for assessing climate-related health impacts and for
developing useful tools and information products to enhance public hedth?
What effects will new technologies for globa change mitigation and adaptation have on
human hedth?

RESEARCH NEEDS

Research needs include:
Work on improved understanding of the hedlth effects of UV radiation, including
exposure across regions and populations, risk awareness, and early detection,
Initiation of atempordly and spatidly compatible long-term fidd study, empirica
andyss, and integrated modeling effort of the physicd, biologicd and socid factors
affecting the impact of dimate on public hedlth issues of nationa importance;
The effect of temperature on air qudity, particuarly in urban heet idands, and the
potentia public health consequences;
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Research on the climate, environment, and atmospheric interactions related to asthma,
dlergic disorders, and other acute and chronic respiratory disorders and desths;
Research on preventing and reducing the adverse hedlth impacts of extreme wesather
events,

Research on prevention and control of infectious diseases that might increasein
incidence as aresult of climate change;

Research on the control and trestment of vector- and water-borne diseases; and
Research on the hedlth effects of production and use of dternative fuds and new energy
technologies.

A pardld need exists to develop additiona gppropriate tools and methods for assessing and
adapting to potentid hedth outcomes; and for evauating the impact of research, the
effectiveness of Earth science information and products, the methods for communicating that
information, and the systematic identification of knowledge gaps and feedback to the research
communities.

PRODUCTS AND PAYOFFS
Products from this areaiinclude operationa tools, research to support innovative ingtitutiona
arrangements and processes, and fundamentd research results that may be used by
decisonmakers. Expected products include:
Toolsfor preventing and managing the public hedth threet of infectious diseases,
especidly those that are vector-borne.
Assessments of the hedlth effects of combined exposures to climatic and other
environmenta factors (eg., air pollution).
Multiagency joint award for competitive multiyear grants to support research on climate
variability and hedth.
Next phase of hedlth sector assessments to understand the consequences of globa
change for human hedlth in the United States, epecidly for at-risk demographic and
geographic subpopulations.

Key Linkages

The study of human contributions and responses to globa change hastiesto dl of the Climate
Change Science Program (CCSP) research ements, and in many cases needs to be an integral
component of collaborative research within these dements. For example, research to identify
options for increasing the resilience of nationa water systemsto climate variability and to long-
term socioeconomic and climate trends is linked to Water Cycle research (Chapter 7).
Smilarly, an evauation of loca- and regiona-scale factors that condition impacts of land use
and land cover change on economic welfare and human hedth is equd parts Land Use/Land
Cover Change research (Chapter 8) and Human Contributions and Responses research.
Research on human disease vectorsis linked to the study of Ecosystems (Chapter 10).
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Comparable examples can be cited for Atmospheric Composition (Chapter 5), Climate
Variahility and Change (Chapter 6), and the Carbon Cycle (Chapter 9).

Quedtionsfrom other research dements that are rdated to Question 1 above include:

What natural processes and human activities control carbon emissons and uptake
around the world? (from Carbon Cycle)

How do socid, palitical, and economic forces influence human decisions regarding land
use and resource management, and how might changes in these forces affect the carbon
cycle? (from Carbon Cycle)

Wha are the environmentd, ingtitutiona, policy, technologica, demographic, and
economic drivers of land use change? (from Land Use/Land Cover Change)

Questions from other research dementsthat are related to Question 2 above include:

What are the multiple stresses that climate change, ozone layer depletion, and regiona
ar qudity exert on humans and ecosystems? (from Atmospheric Compostion)

What are the current patterns of water consumption and how are they likely to change
asaresult of potentia changesin temperature, land cover and land use, demographics,
and water policies? (from Water Cycle)

How will the combined effects of land use and climate change affect agriculture, aquatic
ecosystems, rangeland, and forest extent and productivity, and what are the implications
for land management and economics? (from Land Use/Land Cover Change)

What isthe impact of future changesin land use and land cover on water supply and
quality, consdering climate-induced changesin the patterns and characteristics of water
resources? (from Land Use/Land Cover Change and Water Cycle)

What are the mogt likely vulnerabilities and opportunities arising from dimete variability
and potentid future climate changes, and what climate indicators would be of the most
benefit in assessng climate vulnerability and resilience in sectors such as agriculture,
water, and other environmenta resources, and for assessing other potentia societa
impeacts (pogtive and negative), including human hedth? (from Climate Variability and
Change)

Questions from other research dements that are related to Question 3 above include:

What are the implications of water cycle research for managing conflicting demands on
transboundary waters? (from Water Cycle)

Research on Human Contributions and Responses to Environmenta Change is linked to the
Internationa Human Dimensions Programme and to a variety of other internationd efforts,
including the Internationa Research Ingtitute for Climate Prediction (see Chapter 14).
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CHAPTER 12

GRAND CHALLENGES IN
MODELING, OBSERVATIONS,
AND INFORMATION SYSTEMS

This chapter’s contents...
1. Observations

2. Moddling capabilities

3. Dataand Information Management

Research into the basic processes of globa environmental change provides the foundation of
knowledge required to improve projections and understand the consequences of interacting
stresses on natural resources and human activities. However, the seven research ements
described in Part 11 cannot meet the Climate Change Science Program (CCSP) objective for
the coming decade. Even thefirst part of the objective—extending knowledge of the Earth
system and improving projections of globa change at scales rdevant to decisionmaking—
cannot be met without more extengve integration, regiond synthes's, advancesin modeling
cgpabiilities, and sustained commitment to observations and data information systems.

Observations, modding, and data and information dissemination have been thought of as
crosscutting, "enabling” activities since the US Globa Change Research Program’s (USGCRP)
inception—hence these are dready tightly coupled to the seven research dements. These are
needs that are particular to a given research area.and must be planned and implemented in close
association with the research that they support or draw on. However, they aso need to be
managed in afocused manner because they provide essentia infrastructure that must serve
multiple purposes within the CCSP—enabling fundamenta research, as well as supporting
assessment and decis onmaking—and because they depend on the distributed assets of CCSP
agencies, some of which were originaly developed to serve other needs.

These activities are of the highest priority for the CCSP. Because of their crosscutting nature,
these capabilities are aso particularly chalenging to foster. The sectionsthat follow outline new
objectives and gpproaches that will improve CCSP implementation of these areas and
contribute to the evolution of the program into one that successfully integrates research and
responds to the needs of the next decade.
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1. Observations

The study of globa change requires a strong base of observations. The Globa Change
Research Act of 1990 specificdly calsfor “globa measurements, establishing worldwide
observations necessary to understand the physical, chemical, and biologica processes
respongble for changes in the Earth system on dl relevant spatid and time scdles,” aswell as
“documentation of globa change, including the development of mechanismsfor recording
changes that will actualy occur in the Earth system over the coming decades.” The program
continues to respond to this call by following a strategy to address observations on appropriate
gpace and time scales. The dtrategy includes guiding principles, identification of priorities, and
effective management of available resources.

The development of new space-based globa observing capabilities was a primary focus of the
program’ s first decade. Severa new Earth-observing satellites—induding
TOPEX/POSEIDON, Jason+1, TRMM, QuUikSCAT, SeaWiFS, EOS-Terra, EOS-Aqua, and
Landsat- 7—are now producing unprecedented amounts of high-quaity globa datafor the
research community and other users, and new data from satellites soon to be launched are not
far behind. There have aso been advances in programs that provide additiona important data
for globa change research such asthe Globa Climate Observing System (GCOS) Surface
Network (GSN), the Tropical Atmosphere-Ocean moored array (TAO), Argo, the Joint
Globa Ocean Fux Study, the Global Terrestrial Network for Permafrost (GTN-P), and the
Ameriflux network. Many new ground-based and ocean observing technologies have aso been
developed and demonstrated.

Y et despite these mgor achievements, many serious observing-system chdlenges remain for the
CCSP. Severd fundamentd chalenges for the next decade include:
Completing the development and deployment of systematic space-based and in situ
globa climate and ocean observing components that are needed for long-term climate
change research and the accurate characterization of globa change and its causes and
CONSequENCES.
Implementation of observing systems, such as aterrestrid observing system to obtain
crucid climate measurements related to carbon cycles, surface hydrology (including
precipitation, evaporation, runoff, stream-flow, and soil moisture), ecosystems, and the
cryosphere (including snow cover, glaciers, and permafrost).
Regular assessment of and response to the observationd priorities of the program’s
research dements and the scientific community.
Establishment of alinkage between observation and assmilation technology and
between surface and space-borne sensors with regular whole-atmosphere column
measurements made from the ground and especidly suborbita platforms.
Development of acomprehensive system integrating remote senang and in situ
measurements designed to observe the Earth’ s climate change and climate variability.
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Development of explorer class satdlite observations to measure missing variablesin
order to enhance discovery and improve understanding of climate processes.
Continuous improvement of state-of-the-art measurements within the aimosphere (on
arcraft and/or balloons) to validate the new space-borne measurement capabilities, to
supply essentid informeation not obtainable from space or surface networks.

Long-term investment in the maintenance of our terrestria, ocean, and atmosphere
observing systems.

Developing more effective cooperation with operationa observing programs that are not
part of the CCSP, including high-levd agreements and a process for effective trangtion
of research measurements to operationa status.

International cooperation.

OBSERVATIONAL PRIORITIES

A range of observationd requirements are identified in the CCSP research elements described
in Part |1 of this plan, including both exigting measurement programs that must be maintained and
enhanced, and new measurements that must be initiated (see box). A key lesson learned over
the past decade is that observing systems and networks must be implemented in away that
alowsflexibility as both requirements and technology evolve. Therefore, the program will
regularly assess the evolving science requirements and priorities and propose modifications to
the observing systems that are required for the CCSP to executeits research plans. This
process must involve the scientific community and program managers working on each research
element, aswell as those involved in modding, scientific assessment, and other integrative
activities.
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Observational Priorities in CCSP Program Elements

Atmospheric Composition (Chapter 5)

- Continue global observation of ozone distribution and trends, and a representative
sample of source, reservoir, and tracer molecules that govern stratospheric chemigtry.
Deveop and implement globa observations of aerosol distribution and properties.
Improve surface-, arcraft-, and space-based measurements of globa and regiond
troposphere pollutants, and atmospheric chemistry.

Climate Variability and Change (Chapter 6)

- Maintain and improve long-term space-based and in situ observations of temperature,
humidity, wind strength and direction, clouds, precipitation, pressure, seaiice, snow
cover, glaciers, and ice sheets.

Develop and maintain an Integrated Ocean Observing System, combining in situ and
satdllite observations, to monitor ocean topography and circulation, heat content,
sdinity, sealevel, and ocean aimosphere exchange of momentum, hest, and freshwater.
Maintain and improve space-based and in situ measurements of key climate forcings
(greenhouse gases, aerosols, solar radiation, and land cover change)

Water Cycle (Chapter 7)
Develop and maintain the continuity and condstency of climate-qudity observations of
atmospheric temperature, water vapor, and clouds by operationa environmenta
satellites.
Develop and implement space-based globa measurements of precipitation, continental
s0il moigture, soil freezing/thawing, and snow accumulation.
Maintain and expand surface-based operational measurements of precipitation, soil
moisture, snow accumulation, river discharge, groundwater levels, water chemistry, and
other hydrologic variables.
Develop and implement systematic regiond hydrologic, climate, and radiation
measurement test beds, and advanced technologies involving ground based remote
sensing and water isotope andysis.

Land Use and Land Cover Change (Chapter 8)
- Maintain high-resolution observations of rapid changesin globa land cover and land

use.
Maintain the research qudlity of long-term, globa observations of land cover and land
use a low and moderate resol ution through the trangition to operationd observing
systems.
Deveop in situ ecosystem observations and the collection of relevant local and regiond
socioeconomic data.
Improve links between ground-based and remote-sensing land use and land
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management data systems.
Maintain and expand aresearch program to evauate the utility of existing and planned
senang systems to assess their utility for land use/land cover change applications.

Carbon Cycle (Chapter 9)
Strengthen and ensure the continuity of continenta inventories of forests, other
ecosystems, and mgjor land uses, and derived estimates of soil carbon storage.
Continue and enhance a national carbon dioxide (CO,) flux measurement network thet
covers al maor ecosystem types, and promote the development of aworldwide
network of cooperating Sites.
Strengthen and ensure the continuity of globa oceanic chlorophyll observations, and
derived estimates of oceanic primary productivity and carbon budget.
Strengthen and ensure the continuity of surface-based measurement of ocean carbon
and air-sea carbon flux.

Ecosystems (Chapter 10)
Expand age, sze, and vertica structure measurements of forests with known
management higories.
Develop sadlite remote sensing capabilities to determine terrestria ecosystem
productivity.
Increase collection of ground truth data at Long Term Ecologica Research and smilar
gtesindl mgor natural and managed ecosystem types.

The Nationa Research Council (NRC) has specified six attributes of the Earth's climate system
that are epecialy important to society: (1) precipitation and water availability, (2) temperature,
(3) storms, (4) solar radiation, (5) sealevd, and (6) ecosystemn structure and functioning.
Developing a better understanding of natura and humantinduced climate changes is dependent
on accurate long-term measurements of the mean state or condition, variability over time scales,
geographic variahility, and the frequency and persistence of extreme values of each of these
variables. The CCSP has expanded thisinitid inventory to encompass the needs of research on
and applications to the globa cycles of carbon, water and biogeochemica condtituents,
atmospheric composition, and changes in land use. The need to characterize the vulnerability
and resilience of society and of natura and managed ecosystems to change, and thus to develop
amore complete understanding of the potential impacts of globd change, adds yet another
dimension to observationd requirements.

Observing systems are currently in place within both research and operationa programs that
partidly fulfill the requirements for meeting these objectives. Other key sensors and observing
networks still need to be developed and implemented. Priorities for these augmentations will be
determined by the scientific needs of the research elements and a set of agreed criteria (see
box). The management of the program will recommend these augmentations in consultation with
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the scientific community. The continued development and deployment of new technology that
can improve the accuracy and lower the costs of space-based observing systems and suborbital
measurements (i.e., those within the amosphere, at Earth’s surface, and below it) isdso criticd.
Careful cdibration and overlgpping operation of new and old technology during trangtionsisa
necessity for maintaining the quaity control of data records.

Observing System Prioritization Criteria

The following prioritization criteria should be consdered in sdlecting CCSP observing program
initigives

Scientific Return: sgnificance of the expected increase in fundamenta knowledge.
Benefit to Society: extent to which the outcome may be utilized for great societdl
benefit.

Mandated Programs: support of programs mandated by law.

Partnership Opportunities: the extent to which needed work can be carried out
with partnersin the United States and abroad.

Technology Readiness: the extent to which current technology enables a question
to be productively addressed.

Program Balance: distribution of resources to ensure scientific progress is not
impeded by the lack of key information.

Integration and transition of experimental and operational systems

Thereis an immediate need to work with US Government agencies to prevent the further
deterioration of operationd observing systems that provide essentid datafor globa change
research. In some cases, it may be cogt effective to invest in stabilizing and upgrading existing
operationa systemsrather than in the creation of new systems. In other cases, the transition of
proven research systems to operational status may help fill both operational and research
requirements in amore cost effective way. More effective integration of the planning and
development of research and operationd systemswill benefit both communities.

A Global Observing System

The need for dedicated observing systems for climate change research is well established, and
the CCSP is poised to assst agenciesto build on the successful deployment of many dements
of such sysems over the last five years. Thus a near-term priority for the program is
augmentation of existing observationsto initiate the Globa Climate Observing System (GCQOS),
as described in Chapter 3. Thereisa clear consensus on a core set of long-term measurement
requirements for GCOS, many of which are parts of existing operational observing systems and
many of which need to become parts of operationa systems. A system to meet requirements
for long-term continuous data must be coupled with ongoing opportunities, such as explorer
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satdlites, to initiate shorter-term measurements of key processes and forcing factors. The mgor
near-term chalenge is to seek every opportunity to improve and maintain the coverage, quality,
and congstency of land, ocean, and atmosphere measurements to complement the research
observation cgpabilities that have been initiated by the USGCRP in the past and new
capabilities developed over the next decade. Additionaly, provisons must be made for
observations that do not necessarily require continuity, e.g. monitoring changes of ice sheets and
glaciers over time. Such observations, which must be particularly well cdibrated, differ from
many othersin that they do not directly feed into routine climate-related models and do not fit
the "trangition to operationd” paradigm. They are necessary, however, for addressing critical
elements of the CCSP plan.

Opportunities for international collaboration

The creation of US networks is avauable step in creating an observing system; however the
overarching need isfor global networks and systems. The CCSP will continue to support the
international development of the Integrated Globa Observing Strategy, and the Globa Climate,
Ocean, and Terrestrial Observing Systems. Asthe largest supporter of globa change research
and observations, the United States has a specid responsibility to lead the development of an
integrated globa Earth observing system, but this task cannot be accomplished without active
internationa support and participation. The CCSP will continue or expand efforts to assst and
support developing nations in improving their observing networks.

The Road Forward

It is the responghility of the CCSP to ensure that decisions on the implementation and maintenance
of important space-based and in Situ observing system components are based primarily on scientific
needs. However, many important observing systems are devel oped and operated by organizations
that are not forma participantsin the CCSP, meking the development of strong cooperative
relationships that extend beyond the current CCSP a necessity. The CCSP will work with
observing system partners and the scientific community to identify requirements and set prioritiesin
light of avallable resources and competing needs, in order to develop the observing system priorities
identified in the table “ Observationa Prioritiesin CCSP Program Elements.” Near-term CCSP
observing system objectivesinclude:
Stabilize existing observational capabilities. Mantain and improve basic data
center archives and research observing facilities, networks, and systems (both space-based
and in situ), indluding extension of the moored, drifting, and ship-based networksto al
oceans.
Identify and implement critical measurement improvements. Mantana
sustained research and development program to address mgor deficiencies in observing
systems (e.g., missing carbon sinks, closing the budgets of the regiona and globa water
cycles, and integrating the coastal ocean monitoring systems). To the extent possible, new
observationd capabilities should be integrated into existing networks so asto minimize
redundant operations and costs.
Incorporate climate and global change observing requirements in
operational programs at the appropriate level. Operational observation
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networks continue to be the backbone of climate measurements. These networks, with only
modest incrementa costs, could satisfy sgnificant parts of the climate observing
requirements. Providing essential additiona research capability to operationa observing
systems, and continuing to improve mechanisms for trangtion of research and experimenta
observing systems to operationa platforms, are both important.

Continue intensive field missions. Integrate airborne (i situ), surface, and satellite
observations over regiona scales and durations from days to several weeks. These
intensive observation periods provide vauable data for testing and vaidating satellite
retrieva agorithms, and for the fine scale resol ution necessary to test, vaidate, and
condrain climate models. These coordinated observation efforts will need to become even
more sophigticated as satellites evolve towards formation flying, onboard processng, and
smart sensor technology.

Continue a vigorous program in data reanalysis to ensure the time
consistency and spatial homogeneity of global change data sets. Fully exploit
the information value of hitoricd data series using the latest technologies, quaity control
and assurance, and processng methodologies. Thisinvolves continuing mining of historical
records.

2. Modeling capabilities

Modeling is one of the most important components of the CCSP. Models are an essentid tool for
synthesizing observations, theory, and experimenta results to investigate how the Earth system
works and how it is affected by human activities. Such models can be used in both a retrospective
sense, to test the accuracy of modeled changesin Earth system forcing and response by comparing
modd results with observations of past change, and in a prognostic sense, for calculating the
response of the Earth system to projected future forcing. Models provide the only quantitetive
means to integrate scientific understanding of the many components of the climate system and, thus,
are the only tools available for making quantitetive projections. Comprehensive climate models
represent the magjor components of the climate system (atmosphere, oceans, land surface,
cryosphere, and biosphere) and the transfer of water, energy, organic chemicas, and mass among
them, but are il in their formative sages. Comprehensive climate models are complex and require
“high-end” computer resources to run.

The current organizationa structure of the US modeling effort has not fully supported the product-
driven modding thet is especialy important for making climate moded information more usable and
gpplicable to the broader globa change research community. The NRC (1999b and 2001b)
reports provide valuable guidance on how to improve US climate modeling efforts. They
emphasze

The recognized US leadership in basic climate science research;

The shortcomings of US efforts to integrate the basic climate research into a comprehensive

climate modding capability;
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The chdlenges, including software, hardware, human resources, and management issues, of
routindy producing comprehensive climate modeling products, and most importantly,

The need to establish a dedicated capability for comprehensive climate modeling activities,
induding the globa climate observations and data that underpin them.

In the next decade, the CCSP modeling component must expand beyond the smulation and
prediction of the physica dimate system to include the complex and interrelated nature of the many
processes that make up the Earth system, including dynamic ecosystems and biogeochemistry.
Previoudy, the focusin modd development has been primarily on the largest spatid scales
(especidly globd). It isclear that many emerging modeling needs, especidly for predictive
gpplications, are a the regiond scaes at which most societd and environmental resource decisons
aremade. It isthusincreasingly important that models have the capacity to integrate across the
multiple components and processes needed to describe the Earth system in sufficient complexity,
while smultaneoudy providing religble information on increesingly refined spatial scales. In addition,
the computationa capability, software, and modd physics must be developed to dlow for modd
resolutions a the smaller scales that support regiond decisions. These are two immense challenges.
Over the long term, the CCSP must define a path that |eads from comprehensive climate modeling
as aresearch activity done to the point where it can routingy produce high qudity, but sandard
products, on demand. Further, the CCSP must guarantee that a productive partnership is
maintained between product-driven modeling activities and the discovery-driven modding research
program that will underpin its credibility and future success.

The CCSP drategy envisons two complementary climate-modding activities. The first will be
principaly aresearch activity. It will maintain strong ties to the reseerch communitiesin both
globa change and computational science to incorporate new knowledge rapidly into a
comprehensive climate and Earth- syssem modding capatiility. Although the misson of this
activity isresearch, it will be“product driven” in the sense that it must make modds and model
products available to the broader community. Tightly connected research inditutions with
complementary aress of expertise can form the core of a distributed modeling program that
maintains collaborations with perhagps hundreds of externa contributors. Areas of research
emphasis would include model devel opment, computationd science, and data assmilation.

Closaly associated with the research activity, but distinct from it, will be a prediction capability
responsible for sustained and timely ddlivery of mode products that are required for assessment
and other needs. This* quas-operationd” capability should maintain a research component that
isanintegra part of the research modding activity described above. Additionaly, the “quas-
operational” entity would be charged with producing, on demand, the required modeling
products for policy andyss and assessment. This activity might include both operationd
forecasts of seasona-to-interannua variahility (e.g., El Nifio-Southern Oscillation (ENSO)),
because we can modd these shorter-term variations a aleve of skill appropriate to operations,
aswell as quas-operationa decadd- to centennid-scale modeling, because there are
operationa needs, such as scenario preparation for sengtivity studies of impacts, that we can
meet with exigting skill levels. The addition of product-driven modd research to a strong base
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of discovery-driven research, together with strong links between them will result in asuite of
CCSP modeling activities that will better support and drive the interdisciplinary research
objectives of the CCSP.

These two activities are complementary and both are required for a successful moddling
program. They should both employ a common modeing framework and maintain congtant
interaction. Full implementation of such astrategy will take severd years. Key to the success
of the drategy are substantid and continuing investmentsin high-end computing, archiva
Storage, collaboration technology, and associated information technology infrastructure.

The gpproach toward a having a comprehensive climate and Earth- syssem modeling capability
will be to incorporate the modeling needs of the seven CCSP e ements (see box).
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Modeling Priorities and Linkages in CCSP Program Elements

Atmospheric Composition (Chapter 5)

- Carry out chemicd trangport modeling activities, with emphas's on cross-tropopause
processes, the role of particles in accelerating ozone-loss chemistry, and stratospheric
transport.

Use models to describe the interactions of various types of aerosols and to estimate the
net sgn, magnitude, and uncertainty in the cooling—warming role of aerosols.

Build and evauate diagnostic/prognostic models of the coupled climate,
chemigtry/transport, and ecologicd systems (in collaboration with other eements of the

program).

Climate Variability and Change (Chapter 6)
- Refined estimates of the role of climate feedback processesin affecting climate

sengtivity and improvements in their representation in climate models.
Predictions of regiond patterns of different modes of climate variahility.
Improved predictions of ENSO, particularly the onset and decay phases, and
assessment of potentia predictability beyond ENSO, e.g., the Pacific Decadal
Ogtilletion, the Arctic Oscillation, monsoons.
An improved ability to separate the contributions of naturd versus humarn-induced
climate forcing to climate variations and change, resulting in more credible answversto
“what if” policy-related questions.
More advanced knowledge about the changes in natural variability that may result from
anthropogenic forcing.
Improved understanding of the primary natura and forced mechanisms for abrupt
climate changes.
Modds of the full three-dimensiond circulation of the globa ocean.
Time dependent models of ice sheet changes to assess underlying mechanisms and their
contributions to future sealevel rise.
Climate monitoring and forecast cgpabiilities for regiona applications and risk reduction.

Water Cycle (Chapter 7)
New parameterizations for water vapor, clouds, and precipitation processes for usein
climate modds, usng new cloud-resolving models created in part as aresult of fied
process studies.
New modds capable of smulating the feedbacks between the water cycle and the
climate sysem (incdluding biogeochemica cycles).
Modesthat partition precipitation among surface and subsurface pathways, route flows,
and quantify physical and chemicd interactions for evaluating climate and pollution

impacts.
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Integrated models of total water consumption for incorporation into decison support
tools that identify water-scarce regions and efficient water use Strategies.

Land Use and Land Cover Change (Chapter 8)
- Urban growth models.
| dentification of the regiond components of aUS land use and land cover change
modd.
Nationa- and globa-scade land use and land cover change projection models.
Climate models incorporating land use and land cover data.
Nationd- and globa-scde models with a coupled dimate-land use system.

Carbon Cycle (Chapter 9)
Carbon cycle models including data assmilation customized for North America
(developed under part 1).
Models of ocean carbon cycling based on linkages between carbon and nitrogen in
coasta environments, and of ocean carbon sequestration that incorporate
biogeochemistry, ocean circulation, and the potentia impact on ecosystems.
Global maps of carbon storage derived from modd-based andysis of actua land cover
(cooperative effort with the Land Cover eement).
Advanced carbon models that include the long-term effects of actud land use history
and are able to amulate interannua variability at ecosystem and landscape scales.
Improved projections of climate change forcings and quantification of dynamic
feedbacks among the carbon cycle, human actions, and the climate system, with better
estimates of uncertainty and errors, from prognostic carbon cycle modds.

Ecosystems (Chapter 10)
Spatidly explicit ecosystem models at regiond to global scales, based on data from
experimental manipulations focused on the effect of interactions among globa change
variables, to improve our capacity to observe contemporary, historical, and long-term
changes in ecosystem structure and functioning.
Dataand spatidly explicit modds for examining the impact of management and policy
decisons onawide range of ecosystems, to predict the efficacy and tradeoffs of
management Strategies at varying scales relevant to the decisons at hand.

Human Contributions and Responses to Environmental Change (Chapter 11)
Development of integrated assessment modd s with the ability to andyze the effects of
measures directed a the reduction of urban air pollution and greenhouse gas emissions.
Development of integrated assessment models that introduce new energy and carbon
Sequestration technologies.

M odel-based smulation studies of the influence of socid and economic factors on
vulnerability and adaptive capacity in households, organizations, and communities.
Anayses of the consequences of rgpid climate changes in the past and the ability of
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hazard and resour ce management inditutions to respond to surprisng shiftsin dimate
and to seasond forecasts.

M odel-based smulation studies of the influence of demographic, socid, economic and
climate change factors on the incidence and digtribution of infectious diseases.

LINKAGES
The grand chalenge modeling components will ultimately result in amultidisciplinary gpproach
toward the Earth system climate model, which couples the chemica and ecologicd systemsto
atmospherlc processes and incorporates:
Reduced uncertainties such as ozone-layer responses to climate change and the role of
aerosolsin cooling and warming.
Better prediction of modes of variability based on results from Chapters 4 and 6.
Sengtivity andyss
Natura versus human-induced dimate forcing.
Land use and land cover parameterizations.
Knowledge gained under Chapter 4 about important climate feedback processes and their
improved representation in climate models will be gpplied, leading to significantly reduced
uncertainties in climate projections.

Outcomes will span awide range of options, such as sets of ensemble globa smulations
projecting possible climate change at continental and regiona scales from various emissons
scenarios, and comprehensive studies of greenhouse-reevant emissions and potentid climate
change that include carbon aerosolsin an integrated assessment model and the appropriate
specification of emissions, costs of control, and chemica and radiative characteristics of those
aerosols.

3. Data and Information Management

Providing access to distributed and varied forms of data, products, and information is a centra
objective of CCSP data systems. Researchers, planners, and decisonmakers need seamless
access to information produced not only by CCSP efforts, but aso the larger scope of
information produced by other federd, non-federd, regiond, and international programs and
activities. These users should be able to focus their attentions on the information content of the
data, rather than how to find and accessthe data. The vison of the future CCSP system is one
where the user experience will change fundamentally from the current process of locating,
downloading, reformatting, and displaying to one of ng information, browsing, and
comparing datain the form of basic scientific graphics through a standard Web browser, GIS
tools, and scientific visudization/andyss sysems, without concern for data formet, data
location, and data volume.
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Thisvison can only be achieved by harnessng advanced technologies and developing
frameworks for interoperability between heterogeneous systems, which are part of a common
collective. Such aframework, with established metadata and qudity control/quaity assurance
standards, mechanisms of transport, protocols, and requirements, would permit federd and
non-federd data and product providers to contribute their information to the common collective
aswdl asdlow usersto query and access the system for rlevant information. The system will
cal for each cooperating system to conform to such protocols enough to ensure thet it will
interface seamlesdy with the overdl dimate information system thereby maintaining a distributed
architecture.

Such a data management strategy is being pursued for the ocean observing system (i.e,,
Ocean.US) and holds great promise. Much of the technology required to make thisvison a
redity exists dready; however, Sgnificant chalenges remain that require short-term as well as
drategic investments. The chalenge to CCSP will be pursuing unprecedented levels of
cooperation across current data management systems and programs and a commitment to
mapping the future development and execution of a suitable drategic plan.

Opportunities lie ahead for the evolving data and information systems of the CCSP. Evolving
new technologies for data collection and management, new science and gpplications, and new
indtitutiona and organizationd possbilities indicate that arobust and open data and information
system spanning the environmenta and socioeconomic redmsis achievable in the coming
decade. Thisvision needsto incorporate careful atention to the need for continuity in globa
change data, for long-term data stewardship, and for equitable access across socid or “digital”
divides. The CCSP will need to provide leadership both within the US Government and across
adivergty of partnersto ensure that the Nation’s globa change data and information capabilities
support the achievement of its 10-year objectives and the redization of their full potentid
benefits to the Nation and the world.

CHALLENGES

At present, data are not integrated, making them difficult for policymakers—and even
scientisss—to use. They are often not consistently cdibrated in space or time to permit Smple
identification by site or scientificaly sound integration of the multiple data sets needed for
multidisciplinary research. Moreover, the US Government has limited resources to support
long-term electronic data management beyond the life of individud investigators' projects or
programs. Scientific data that are not ingtitutionally managed are likdy to vanish when the
scientigt-data collector turns to other projects or retires.

Ongoing advances in information technology will for the first time enable development of a
distributed data and information system in which
Data will be collected and managed in multiple locations, including federd, state, and
locd agencies, academic indtitutions, non-governmenta organizations, and private
companies. Long-term archiving of the data will be the respongbility of federd deta
centers,
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Userswill be able to find and access these data via the Internet, utilizing sophisticated
systems for data search and retrieval;

New techniques for enabling interoperability between databases and data systems will
not only support the needs of globa change research but aso practica applications
related to environmenta and resource management, disaster mitigation and emergency
response, and other data- dependent activities, and

Higtoricd data are preserved through aggressive data rescue activities enabling a
transfer of data from manuscripts and individud scientists to digital databbases.

RESEARCH NEEDS
To advance these gods, the CCSP priorities will be to:

Expand the current data manegement infrastructure, based on the strong foundation

provided by exigting distributed systems to:

0 Encompass the data centers established by federa science agencies, such asthe
Nationd Aeronautics and Space Administration, Nationa Oceanic and
Atmospheric Adminigtration, Department of Energy, and US Geologica Survey
data centers.

0 Provide ameans of identifying and using socioeconomic data collected by federd
datistica agencies, such as the Census Bureau and the Bureau of Economic Affairs,
by resource management agencies such as the US Army Corps of Engineers, the
US Bureau of Reclamation, the US Bureau of Land Management, and the US Fish
and Wildlife Service, and by state and loca agencies. This socioeconomic data
may need to be georeferenced and collected in ways to ensure thet it is compatible
on tempora and spatid scaes with data collected in the physica and natura
sciences o that integrated studies may be undertaken.

0 Incdude partnerships with foreign governments, intergovernmenta agencies, and
internationa scientific bodies and data networks to provide data that are needed to
address the international character of research and decisionmaking.

Continue to develop aframework to respond to the need for integration and

communication of information across disciplines and among scientists and policymakers.

Multi-agency and multidisciplinary indtitutional and data resources will be a part of the

efforts to develop standards and processes for sound data management.

|dentify the data requirements of the program on aregular basis, including visudization,

andyss, and modding requirements.

Identify and rescue datathat are at risk of being lost due to either media deterioration or

in the hands of data collectors who may retire or move to other projects.

PRODUCTS AND PAYOFFS
Requirements from the seven CCSP elements will be incorporated as part of the data and
information management plan to provide products such as.

Improved accessto climate information and products for addressing regiona concerns
and issues. Thisincludes both observations and modd results.
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Beginning to identify the regions, sectors, and users who are using climate projections
for management and policy decisons.

Beginning to solidit the dimate information requirements from the users.

Rdiable, commensurate data sets at the watershed scae that scientists from the severd
disciplineswill useto examine critica water- Earth interactions for improved integrated
watershed management.

Determining what information is required by individuas, organizations, and governments
to make better decisons regarding globa environmenta variability and change; including
what individuds, organizations, and governments know (and do not know), including
uncertainties, about the sate of scientific knowledge regarding globa environmenta

chenge

In the next five years the data management program will focus on improving the interoperability
and usability of agency data sets by the various working groups and researchers. Thisincludes:
Establishing data and metadata documentation, standards, and formatting policies that
will make possible the combined use of targeted data products taken at different times,
by different means, and for different purposes.
Asfunding is available, creating specid, tailored portals for data products of interest and
use by the various CCSP working groups. These portaswill use the emerging web
metadata clearinghouse technology to alow researchers to locate and access coincident
data of interest from various observation systems.
Implementing the nationd climate observing system architecture developed in Chapter
4,

LINKAGES

The focus of the CCSP plan isto advance our capability for understanding and predicting pat,
present, and future impacts of our changing climate. Every step in this process, from
understanding the variability in climate change through the use of models and observations, to
ensuring the continuance of qudity long-term records, interpretation of the moddl and
observation results, and communication of and access to these results for resource managers
and decisonmakers will rely on the existence of aflexible, accessble, and user-friendly data and
information system. The transfer of research information to policymakers and resource
managers will require interactions between customers and data systiem managersincluding
research and operationa efforts, and close links to internationa programs such as the World
Climate Research Programme and the Internationa Geosphere-Biosphere Programme.

References:
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Climate Modeling to Support Climate Change Assessment Activities (Washington, DC:
National Academy Press).
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CHAPTER 13

REPORTING AND OUTREACH

This chapter’s contents...

1. Inventory of Existing Agency Activities

2. Reporting and Outreach for Decisonmakers
3. Reporting and Outreach for the Public

4. Outreach for K-12 Education

The Climate Change Science Program (CCSP) focuses on establishing and applying priorities
for climate change research so the Nation can address and evaduate globa and climate change
risks and opportunities. Improved coordination, reporting, and outreach among federa
agencies are reguired to make research results and decision support resources more reedily
available and useful to stakeholders. This reporting and outreach plan conssts of working with
two kinds of stakeholders. The firgt includes those who need or are affected by climate
information, including policymakers, resource managers, the scientific community, the private
sector, non-governmenta organizations (NGOs), and the international community. The second
kind of stakeholder includes those involved in education—whether it is the generd public, K-12
students, or those who communicate information (i.e., media, educators). Asusers of climate
information, the needs of the stakeholders for reliable, accurate, and easily understood data
should be taken into account in research planning and execution of this strategic plan.

With many near-term products identified in the CCSP drategic plan, epecidly in the Climate
Change Research Initiative (CCRI) dements, it is epecialy important to integrate public
information and outreach consderations a an early sage. In particular, an interagency
inventory of outreach activities is required along with an interagency working group to address
outreach issues and coordinate a plan.

1. Inventory of Existing Agency Activities

Education and outreach on globa change research occurs at many levels of the federd
government. However, thereis no routine and comprehensve interagency assessment of public
information and outreach efforts. A relatively smdl portion of the overdl public information and
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outreach effort occurs at the interagency level. An example isthe Globa Change Research
Information Office (GCRIO) (www.gcrio.org), which responds to alarge volume of inquiries
and contributes to the distribution of documents such as Our Changing Planet. The US
Globa Change Research Program (USGCRP) coordination office aso has sponsored limited
outreach activities that have included a monthly Congressond seminar series (May 1995
through July 2000), a website (Www.usgcrp.gov), and responses to frequent information
requests from stakeholders. A significant amount of interagency outreach activity dsois
associated with the working groups of the CCSP. In particular, numerous stakeholders,
especidly within the research community, have been engaged in the preparation and reviews of
long-term drategic plans.

Reporting and outreach efforts are aso individudly pursued by each agency. Effortsinclude
activitiesin which agencies
- Respond directly to inquiries from the public and other stakeholders;

Maintain webstes and listservs,

Produce and distribute hardcopy documents and multimedia products;

Conduct or sponsor briefings, lectures, and press conferences,

Testify before Congress or other government bodies,

Finance scholarships, felowships, and internships;

Support museum exhibits and other public displays,

Sponsor, participate, or otherwise contribute to meetings attended by stakeholders;

Provide scientifically-sound content for K-12 education activities, and

Fund outreach efforts managed outside the federal government.

Ovedl, there isaneed to survey the federd agencies so they can determine whet is effective
and how to best facilitate outreach without duplicating efforts. A Strategy is needed for
alocating respongbilities and ensuring participation, even when faced with competing agency
priorities. The CCSP will facilitate interagency coordination of outreach efforts so information
generated from federdly-funded globa change research is effectively disseminated and
communicated. The CCSP will aso coordinate plans to communicate research results so
reporting and outreach activities produce more useful and timely information.

2. Reporting and Outreach for Decisionmakers

Information developed by the CCSP will be used by decisonmakers in debating and selecting
possible strategies to mitigate and adapt to globa change without unnecessarily compromising
the economy or energy security. Decisonmakers as defined in Chapter 4 are those who are
actively involved in policy at the nationa and regiona level and those who are making
operationd decisons for natura resources based on climate information. Reporting and
outreach for decisionmakers are apriority for the CCSP.
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NATIONAL POLICYMAKERS AND THE INTERNATIONAL COMMUNITY
The Globa Change Research Act of 1990 established the USGCRP and cdls upon officias to
“consult with actual and potentid users of the results of the Program to ensure that such results
are useful in developing nationd and internationa policy responsesto globa change” It
requires a plan that will “produce information readily usable by policymakers atempting to
formulate effective srategies for preventing, mitigating, and adapting to the effects of globa
change.” The law furthermore mandates a Globa Change Research Information Office
(GCRIO) to disseminate useful scientific research information “to foreign governments,
businesses, and indtitutions, as well as the citizens of foreign countries.”

The communication of information on globa and climate change research to Congress, the
Adminigration, and our internationd partnersis criticaly important to ensure well-informed
discussion and decisions. In addition to publishing Our Changing Planet each fiscd year, the
CCSPwill facilitate agency coordination to:
- Provide Congressiond briefings on research results and program accomplishments as

needed,

Provide a science and technology assessment report in cooperation with the National

Climate Change Technology Initiative (NCCTI); and

Provide information and briefings to internationa partners.

LOCAL/REGIONAL GOVERNMENTS, BUSINESSES, AND NGOS

Locd and regiond governments, businesses, and NGOs need an awareness and understanding
of existing and planned resources and technologies available to support their decisons. They
require familiarity with the integration of science and technology that will emerge from the
coordination of the CCRI with NCCTI. Nationa and regional decisionmakers need specid
andysis of scenarios, modd outputs, and climate data. They require Sate-of-the-art
observations of climate and climate variability. Researchers need to understand how uncertainty
is used in decisonmaking o that uncertainties are effectively communicated.

To ensure that these stakehol ders have research and decision support resources, the CCSP will
facilitate agency coordinaion to:
- Supplement agency outreach with basic information (brochures, fact sheets) that links
ther initiatives to the broader Program activities,
Produce hardcopy and digitd materids and make them available in atimey fashion and
indirectly through outreach activities sponsored by individua agencies and third parties;
Coordinate outreach material by state to make the information more sdient to each
date' s delegation; and
Facilitate regiond identification of key stakeholders through regiona workshops,
regiond integrated research, and regiond briefings.
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3. Reporting and Outreach for the Public

The generd public isthe largest and the most important audience for the communication of
relidble globa changeinformation. A wedl-informed citizenry is essentid for responding
appropriatdy to the chalenges posed by climate change and other globa change issues.
Becauseit is critica that these audiences have access to clear, consstent, and accurate
information about globa change research and its findings, the CCSP will work closdly with
federa agenciesto ensure reporting of relevant information in a useful and accessible format.

The CCSP and participating federd agencies will identify arange of activities and initiatives for
reporting ussful globa change information to the public. Information will be provided either
directly from the CCSP and federd agencies or indirectly (i.e., viamedia outlets) and will be
used not only to respond to public inquiries, but also to inform key constituents about the
importance that science can play in decison-making.

Many federd agencies dreedy are effectively communicating with the media by providing
information about globa and climate change science. With improved strategic coordination, the
CCSP and federa agencies can coordinate exigting activities or identify new opportunities for
more effective media coverage.

The CCSP will facilitate agency coordination to:

- Release coordinated press rleases. US Government agencies, working together
and/or with the CCSP, can develop joint media releases to report on new research
projects and results;

Organize workshops for science journdists. Thisincludesjoint projects to educate
journalists so that they can provide more frequent and informed coverage of science
topics,

Provide briefings for the generd public. Using innovative information and
communications technologies, agencies can explore options to conduct virtua town hall
mesetings or other public forums on issues relating to globa change;

Provide briefings for public officids. Opportunities to improve understanding among
officas from various levels of government would, in the long term, serve to simulate
and inform vauable public discusson;

Organize and compile web dites, fact sheets, and other public information materias.
Thereisaneed for a centraized, Internet-based clearinghouse of reliable, accessble
information about globa change science generated by other agencies.

Provide articles for mainstream business, policy, and generd science journas. The
CCSP could produce a series of articles, over the next 2-4 years, of potentia interest to
the public and end-users of dimate information.
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4. Outreach for K-12 Education

The importance of education has long been recognized by federd agencies, which individualy
have sponsored activities directed at teachers and students from kindergarten through twelfth
grade (K-12). These range from the Nationa Science Foundation's very extensive efforts
directed at educators to the National Aeronautics and Space Administration’s (NASA) Earth
Science Enterprise (ESE) Education initiatives. They aso include many websites such as those
maintained by the Environmental Protection Agency (EPA). In addition, agencies have, to a
limited extent, cogponsored collaborative K- 12 educationd initiatives such asthe Climate
Change Partnership Education Program initiated by the EPA, NASA, and the Nationa
Oceanic and Atmospheric Adminigtration (NOAA).

Despite these programs, American school children are till not adequately educated in the
sciences. According to the Nationd Science Board's Science and Engineering Indicators
2002 (NSB, 2002), in mathematics and science “few students are attaining levels deemed
Proficient or Advanced by anationa pand of experts.” It furthermore says that “internationdly,
US student relative performance becomes increasingly weaker at higher grade levels.”

Evidence suggests the problem rests not so much on the amount of classroom time devoted to
science, but on the qudity of the curriculum and ingtruction. Any federd effort to Sgnificantly
improve global change education therefore will have to be strategically focused on teachers and
the ingtructional resources they have available. 1n addition, because so many children accessthe
Internet at home and at school, K-12 education initiatives also can effectively reach children
directly through that medium.

To ensure that students and educators have the required resources, the CCSP will facilitate
agency coordindion to:
- Improve the reigbility and quality of agency and other program activities, especidly
web- based initiatives that aready are heavily used by students and teachers;
Identify opportunities for collaboration among agencies and with other organizations to
educate children;
Participate in did ogues with the Nationa Science Teacher Association (NSTA) and
professona societies with K-12 programs to identify basic curriculum content that
needs to be provided to educators at al grade levels,
Fund CCSP representation at key educator conferences and include devel opment of
exhibits and handouts, and
Fund development of games and activities that familiarize children with basic dimate
facts and concepts.
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CHAPTER 14

INTERNATIONAL RESEARCH
AND COOPERATION

This chapter’s contents...

1. Gods of International Cooperation in Climate Science

2. TheInternational Framework

3. Bilaterd Cooperation in Climate Change Research and Technology

4, Multilatera International Cooperation in Research and Observationd Programs

5. Regiona Cooperation In Globa Change Research

6. U.S. Plans And Objectives For Future International Cooperation

From the first days of research on climate science, it has been recognized that change occurs on
many scaes—from loca to regiond to globa. Early research focused on change asit was
manifest a the loca level where scientific capabilities were aso the strongest. The results of this
early research indicated clearly to US scientists studying change that the processes that influence
change at theloca level could not be divorced from regional and globa processes. To obtain
first-hand knowledge and to develop comprehensive understanding of these processes—under
abroad range of geophysical and biogeochemica conditions—requires scientists to cooperate
across nationd boundaries on both aregiona and globa basis.

It was recognized that research and observationd programs to study change at these levels
should be carried out S0 as to assure the full and open exchange of data among participating
scientists and between these scientists and the broader scientific community and those involved
in the policy-making process. These research and observational programs aso contribute
ubgtantively to the internationd assessment process, such asthe Intergovernmental Panel on
Climate Change (IPCC) and the Scientific Assessment of Ozone Depletion, as described in the
preceding chapters of thisplan. It isaso important in conducting such programs, especidly
those involving developing countries, that ways be found to assst scientists in these countries to
play asubgtantive role in the collection and andyss of data and to benefit from the results of
these ectivities. Effortsin these areas have resulted in a comprehensive array of internationa
globa change research programs and projects that are steadily evolving as new scientific needs
areidentified.
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When US scientigts identify international collaboration necessary for them to address important
scientific problems at the regiond and globa levd, they are encouraged to address these to the
maximum extent possible through direct scientist-to-scientist cooperation. US scientists
studying globd change thus work directly with colleagues in other countries in a number of key
aress, asishighlighted in earlier sections of this plan.

1. Goals of International Cooperation in Climate Science

The broad scope and complexity of US climate science research often aso requires that the
United States develop a broad, well-organized internationd framework within which:
- Regiond- and global-scale specific cooperative research and observationa programs
can be planned and implemented;
US stientists and sciertific indtitutions can interact effectively with scientists and scientific
ingtitutions with expertise in other geographic areas not normally accessbleto US
sientists,
Thefull and open exchange of scientific observations and data needed for research
results can be encouraged and the results of such research can be exchanged;
Research needed to support decision-making can be identified and devel oped;
Early warnings of emerging environmenta issues can be obtained;
Other countries, their agencies, inditutions, and scientists, can be encouraged to
become more actively involved in research and observationa programs; and
The research and observational capabilities of these countries, especidly developing
countries, can be improved.

2. The International Framework

US stientigts, US funding agencies and the US Government and our colleagues and
counterpartsin other countries have developed such aframework to address both research and
observationa requirements.

This framework includes a series of globa-scale research programs,; non-governmenta and
intergovernmentd internationa organizations at both the globa and regiond levd; various
networks for coordination of observing sysems—nboth in sifu and remote sensing—and data
exchange and management; and organizations that focus on educetion, training, and capacity-
building.

The United States isinvolved in numerous significant partnerships with other nations to develop and

implement dimate-related satellite programs.  Such satellite remote-sensing systems require

development of collaborative internationa ground-based networks, maintenance of these networks, and
assurance of cdibration relative to widely recognized standards. This cannot be accomplished only

through collaboration of scientists from al nations. Such ground- based observations aso form an
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important link for the cdlibration and vdidation of satdllite datathat are obtained by the space agencies
that congtitute the Committee of Earth Observing Satellites (CEQS).

A few illugrative examples include the following:
French partnership with the United States was vitd to the success of the
TOPEX/POSEIDON mission over the past 10 years to measure ocean topography.
Japan provided satdlite and launch for the US ocean surface wind ingruments (NSCAT
on ADEOS | and SeaWinds on ADEOS I1) and the precipitation radar and launch for
the very successful Tropical Rainfall Measuring Misson.
Japan dso is providing the Advanced Microwave Sounding Radiometer (AMSR-E) on
NASA's Earth Observing System (EOS) Aqua satellite mission.
Brazil contributed the HSB atmospheric sounding instrument on Aqua.
Canada has provided the MOPITT ingtrument on the EOS Terra satellite.
German partnership was key to the successful recent launch of the GRACE satdllite to
measure time variationsin the Earth's gravity fied.

In addition to their fundamental contribution to the misson flight success, these partnerships
have subgtantiadly broadened the science and end-user communities for dimate-related satellite
observations.

THE GLOBAL-SCALE INTERNATIONAL RESEARCH PROGRAMS

Within the global- scale research programs, scientists from many countries address: the physics
and related chemistry of globa change, with a specid focus on climate, through the World
Climate Research Programme (WCRP); the biology and chemistry and related geosciences of
globa change, through the International Geosphere- Biosphere Programme (IGBP); the human
dimensions of globd change, through the Internationd Human Dimengions Programme (IHDP);
and biodiversity science, through the Diversitas program.

These programs link to internationa scientific unions through the International Council for
Science (ICSU) and with ICSU committees, such as the Scientific Committee for Ocean
Research (SCOR); the Scientific Committee on Problems of the Environment (SCOPE); and
the Scientific Committee on Antarctic Research (SCAR).

These programs dso provide aframework within which mgor fiedld campaigns can be organized
involving ships, arcreft, satdlites, balloons, surface-based measurements, and laboratory
sudies. One example of such acampaign isthe Globa Observation of Forest and Land Cover
Dynamics program (GOFC-GOLD), an internationa effort to provide accurate, reliable,
quantitative space-based and in situ observations of forests and other vegetation cover for
sustainable development of terrestrial resources. This program aso contributes to improving
understanding of the terrestria carbon budget.

Draft Date: November 19, 2002 157



O~NO O, WN PR

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

35
36
37
38
39

DRAFT

3. Bilateral Cooperation in Climate Change Research and Technology H

In response to an initiative of Presdent George W. Bush, the United States has recently
undertaken to develop bilateral cooperation with a number of other countries that share US
interests and capabilities in specific areas of climate change research and technology. Efforts
are wdl underway with Itay, Japan, and Audrdia Discussons are in progress with the
People's Republic of China, the Republic of Korea, Canada, India, seven Central American
countries, and the European Union.

4. Multilateral International Cooperation in Research and
Observational Programs

Nationd agenciesthat fund globa change research, satdllite remote sensing systems, agriculturd
research, and development aid also coordinate their efforts with their counterpart agenciesin
other countries through a number of organizations and networks. These include the Internationa
Group of Funding Agencies for Globa Change Research (IGFA); the Committee on Earth
Obsarving Satdlites (CEOS); and the Consultative Group on International Agricultura

Research (CGIAR). Through IGFA, nationa agenciesthat fund globa change research
exchange information, identify issues of mutua interest, and devel op approaches to resolving
these issues that the agencies then implement nationdly.

The United States is one of the largest donorsto CGIAR, which sponsors sixteen international
agricultura research centers devoted to improving food security, dleviating poverty, and
improving the management of natura resources in developing nations. These centers are
engaged in biological research that is intended to increase production of basic food crops and
livestock and to maintain and enhance the natura resource base relating to soil, water, aquatic
resources, agro forestry, and forestry.

The United States interacts at the intergovernmentd level with partner countriesin United
Nations (UN) organizations that support globa change research, both directly and indirectly.
Preeminent among these are the World Meteorologica Organization (WMO); the
Intergovernmental Oceanographic Commission (I0C) of the UN Educationa, Scientific and
Culturd Organization (UNESCO); the UN Environment Programme (UNEP); the Food and
Agriculture Organization (FAO); the UN Development Programme (UNDP); and the World
Hedth Organization (WHO). Through its participation in UNEP, the UNDP, and the World
Bank, the United States dso participates actively in and supports the Globa Environmenta
Facility (GEF), the primary internationa ingtitution for transferring energy and sequestration
technologies to the developing world.

Among other things, these agencies are involved in sponsorship of a number of the key scientific

bodiesinvolved in international cooperation in global change research, e.g., the World Climate
Research Program. The WMO, UNESCO, 10C, UNEP and FAQ, in cooperation with
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ICSU, dso sponsor and oversee coordination of many of the observational systems that
support goba change research, including the Globa Climate Observation System (GCQOS),
Globa Ocean Observation System (GOOS), and the Global Terrestrid Observation System
(GTOS).

Of specid note, the WMO and the |OC have established a new Joint Technical Commission for
Oceanography and Marine Meteorology (JCOMM) to which the two organizations have
entrusted development, maintenance, coordination, and guidance of the operation of their globa
marine meteorologica and oceanographic observing systems.

5. Regional Cooperation In Global Change Research

The United States also participates in and supports regional cooperation in global change
research, especialy in the Americas, Adaand the Pacific, and Africa. In 1990 President
George H.W. Bush hosted a ministerid-level Conference on Scientific and Environmental
Research Related to Global Change. At this conference, the United States proposed—and
the Conference agreed—to establish three hemisphere-scale regiona globa change research
networks.

Thefirg of these, the Inter- American Indtitute for Globa Change Research (1Al), was st up in
1992, and the Asia-Pacific Network for Globa Change Research (APN) soon followed. In
Africathe SysTem for Analyss, Research, and Training (START) has established a Pan+
African START Regiona Committee (PACOM). START and PACOM areinvolved in
designing and implementing regiona cooperative research in such areas as climate variability and
climate change; water and food security; and land use change, ecosystems, and biodiversty.
Regiona networks directed at GOFC-GOLD objectives have aso been established in Centra
Africaand the Miombo region in southern Africa

The United States hosts two organizations that emphasize cooperation with developing countries
inglobd change research. Thefirg isthe START program cited above, an internationa nort
governmenta organization that was established under the aegis of ICSU. START isco-
sponsored by the IGBP, the WCRP, and the IHDP. Its purpose isto build capacity in
developing countries to conduct research on globa environmental change and the challenges
these changes pose for human hedlth, agriculture, water, and food security, and to apply the
results of such research in decison-making.

The second is the International Research Indtitute for Climate Prediction (IRI), an innoveative
science indtitution working to accelerate the ability of societies worldwide to cope with climate
fluctuations, especialy those that cause devastating impacts on humans and the environment,
thereby regping the benefits of decades of research on the predictability of the El Nifio-
Southern Osxillation phenomenon and climate varigtions.
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The United States dso actively promotes globa change research in the Antarctic and Arctic, the
former through cooperation with other partiesto the Antarctic Treaty and SCAR, and the latter
through the Arctic Council; the Internationd Arctic Sciences Committee (IASC); and the Arctic
Ocean Sciences Board (AOSB).

6. U.S. Plans and Objectives For Future International Cooperation

The overdl framework for internationa cooperation in globa change research and observations
has been responsive to the needs of US globa change science. However, this framework
should be broadened and strengthened to keep pace with the evolving needs of this science with
respect to both research and observations.

Climate modeling capabilities have improved dramaticaly in recent years and can be expected
to continue to do so. Asaresult, US scientists are now able to modd Earth system processes
and their coupling on aregiond and globa scae with increasing precison and rdiability. To
continue to improve such modeing will require substantial expansion of Earth observing
systems, both remote and in situ, in order to fill gapsin exigting databases, especidly in those
aress of the world for which exigting datais sparse. Such data- sparse regions include remote
regions, especidly those with harsh environments, and areas where existing cagpabilities to make
observations and collect data are limited, such as the oceanic and interior land arees of the
Southern Hemisphere and both polar regions.

To expand cooperation internationally, the President has announced that the United States

intends to:
- Commit $25 million to support the implementation of climate observation and response

systemsin developing countries;

Expand funding of the GEF;

Support transfer of energy and sequestration technologies to developing countries to

promote sustainable development while limiting their greenhouse gas emissons growth;

Expand cooperation in climate change research and technology with a number of key

countries and regiond organizations, and

Work with the IAl and other ingtitutions to better understand regiona aspects of climate

change.

The Climate Change Science Program dso intends to:

- Encourage regiond cooperation in Africa, working in cooperation with ICSU, the Third
World Academy of Science (TWAYS), and START, possibly leading to a hemisphere-
scae regiona network for globa change research in Africa;

Promote further development and expangion of globa observing systems through the
Globa Climate Observing System (GCOS) and the Argo program (agloba array of
free-drifting profiling floats that measure the temperature and salinity of the upper 200
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meters of the ocean) for ocean observations, through further multilateral and bilatera
cooperative efforts anaogous to those dready initiated;

Encourage expanded cooperation in biodiversity research, especidly through the
Diverdtas program;

Enhance efforts to bring science and technology to bear on increasingly complex
problems of natura resource development (e.g., the gpplication of climate information
for improved adaptation and disaster preparedness); and

Work closdy with the internationa globa change research programs—the WCRP,
IGBP, IHDP and Divergtas—to promote effective trangtion of a number of their
present focused programs to cross-cutting programs (such as the Globa Environmenta
Change and Food Security Program) that are intended to relate globa change research
more directly to mgor societal and economic factors.
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CHAPTER 15

PROGRAM MANAGEMENT AND REVIEW

This chapter’s contents...

1. Mechanisms for Successful Management: Scientific Guidance, Interagency Planning and
Implementation, and Program Integration

The Climate Change Science Program (CCSP) oversees and coordinates the Climate Change
Research Initiative (CCRI) and the US Globa Change Research Program (USGCRP). The
CCSP has joint membership with the Subcommittee on Goba Change Research, the
interagency body responsible for coordinating the USGCRP. In the CCSP, responsbility for
implementation of different components of the research program is distributed across
participating federal departments and agencies. The basic rationde for this distributed
organization isthat the issues of climate and globa change are complex and wide ranging and
thus extend beyond the mission, resources, and expertise of any single agency.

In June 2001, in response to evauations of the USGCRP that raised questions about the ability
of the existing interagency mechanism to develop adequate focus, President Bush requested that
the Secretary of Commerce take the lead in reviewing the arrangements for coordinating climate
and globd change research. In February 2002, the President announced a new management
gructure for federd climate change science and technology development to improve the
research support for decisonmaking and to increase accountability.

At the highest levd, the new structure includes the Executive Office of the President, with a
combined Nationa Security Council (NSC), Domestic Policy Council (DPC), and Nationa
Economic Council (NEC) pane responsible for program review. The Chair of this pand isthe
Nationa Security Advisor or other Presidentia appointee and reports to the President. The
Committee on Climate Change Science and Technology Integration was
developed to oversee the federa climate change science and technology programs. The
Committee is a cabinet-level body that, in coordination with the Office of Management and
Budget, provides recommendations concerning climate science and technology to the President
and, if needed, recommends the transfer of funding and programs across agency boundaries.

TheInteragency Working Group on Climate Change Science and Technology
reports to the Committee. The Working Group is composed of departmental and agency
representatives at the Deputy Secretary level. It will review dl federa programs that contribute
to climate change science and technology and will make recommendations to the Committee
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about the funding level and focus of these programs to advance a climate change science and
technology program that contributes to the enhanced understanding needed to better support
policy and management decisions.

TheClimate Change Science Program (CCSP) reports to the Working Group. Its
membership includes representatives from al agencies that have aresearch misson in climate
and globa change. The CCSP isrespongble for effective management of the coordinated
interagency research program, oversees the interagency groups responsible for each mgjor
research program eement listed in this Strategic Plan (i.e., Atmospheric Compostion, Climate
Variability and Change, Water Cycle, Land Use/Land Cover Change, Carbon Cycle,
Ecosystems, and Human Contributions and Responses to Environmental Change), and interacts
with various externd advisory groups. The Climate Change Technology Program
(CCTP) isan interagency program that will coordinate and develop a comprehensive, multi-
year, integrated climate change technology R&D program for the United States.

The USGCRP has a decade of experience and has established a number of successful methods
for planning and implementing interagency programs to support research on complex climate
and globa changeissues. While gpproaches used in the past provide a good foundation for the
future, new mechanisms for improved coordination and integration are being developed. This
section of the strategic plan provides a framework for management of climate and globa change
research by the CCSP in the next decade.

1. Mechanisms for Successful Management: Scientific Guidance,
Interagency Planning and Implementation, and Program Integration

The CCSP incorporates three mechanisms for management of the program:
Scientific guidance;
Interagency planning and implementation; and
Program integration by the CCSP.

Theinteraction of these three management eementsis critica for improving the scientific
planning, the effectiveness of interagency management, and the focus of climate and globa
change research to support governmental and non-governmental needs.

SCIENTIFIC GUIDANCE

The US and internationa science communities bring essentid expertise to the CCSP activities.
Relevant committees and boards of the Nationd Academy of Sciences, in particular, will be
asked to provide scientific guidance.

Scientific Steering Committees (SSCs) will be established for each research program element to

assist the agencies by developing detailed science plans that describe in greater detail than is
possiblein this Strategic Plan the research that is required to address the questions in each of
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the research program eements. An example of adetalled science planisthe U.S. Carbon
Cycle Science Plan (Sarmiento et d., 1999). This science plan was requested by severa
agencies participating in the USGCRP and was developed by a Carbon and Climate Working
Group that drew on the expertise of the entire US carbon cycle science community through
workshops. It was subsequently published and serves as detailed scientific guidance for
USGCRP activitiesin thisarea. Scientific plans have been developed or are being devel oped
for the other CCSP research program elements as well to guide research efforts.

The science review of implementation plans and progress towards achieving objectivesis dso
essentiad. Thiswill provide crucid information for both the program managers and the CCSPin
evauating whether the CCRI and USGCRP are making progress toward their gods.

INTERAGENCY PLANNING AND IMPLEMENTATION

The CCSP draws on the strengths of many agencies and departments. It requires a significant
degree of coordination, however, to ensure that research planned and implemented across these
departments and agencies supports agreed- upon scientific objectives.

At thelevd of individua research program elements, interagency committees of program
managers work together to ensure that the science plans for each eement inform departmentd
and agency budget priorities and are trandated into implementation plans that explain how
research effortswill achieve specific deliverables. The CCSP will oversee development of an
interagency implementation plan for each research program eement. The implementation plans
will identify and prioritize the scientific programs necessary to meet the key science objectives
and the roles of each participating agency. They will dso provide generdized timdines and
budget estimates for the investments necessary to carry out the activities, noting any critical
dependencies. Each implementation plan will aso prioritize the observations and/or observing
systems necessary to meet the gods of the research aswell as critical modeling efforts and/or
information-management issues. These priorities will inform the choices that will need to be
made by agencies and by CCSP asawhole.

Each implementation plan will be developed by an interagency working group, reviewed by
externd scientists, and approved by the CCSP. This process assures the agreement of agencies
to the overd| timdines and budget priorities as well as transparency and credibility to the
planning process. This process o provides a mechanism for identifying any critica
dependencies requiring action by the CCSP and by those responsible for agency budgets. The
implementation planswill be updated and revised regularly in order to ensure that they reflect
evolving scientific discovery, agency participation, and budget priorities.

These interagency working groups will dso be responsible for providing program:-level
coordination for budgets, joint announcements of opportunity for the scientific research
community, coordinated sudies by agency staff, and periodic evaduation of progress toward the
scientific gods.
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The coordination of the CCSP isfacilitated by the CCSP Office, conssting of a Director (a
Department of Commerce detailee) and staff. The office is supported on a shared- cost basis by
the participating agencies and by the alocated time of agency staff.

CCSP INTEGRATION

This draft Strategic Plan describes the important questions and god's for research over the next
decade. The CCSP has responghility for periodicaly reviewing these questions and gods and
ensuring that program objectives are met. This responsibility includes an annua cycle of
program and budget review.

The CCSP will adopt a problem-driven rather than a disciplinary gpproach in setting priorities
and sequencing investments, identifying for early action and support those projects and activities
that meet agreed-upon criteriain the following aress:

Relevance/Contribution;

Scientific Meit;

Readiness,

Déliverables,

Linkages, and

Costs.

Some projects and activities may be identified for early implementation because they lay the
foundation for subsequent work in other areas or are ready for implementation due to prior
planning. The CCSP will dso ensure periodic program reviews and eva uations involving both
internal and externd partners, including the scientific research community and other users of
climate and globd change information.  Individua agencieswill endble externd review of their
research strategies and plans (e.g., by the National Research Council (NRC) and Federd
Advisory Committee Act (FACA) advisory committees) to ensure qudity, rdlevance, and
timeliness of the CCSP and its agencies godls.

Developing answers to the questions posed in the draft Strategic Plan will require integration of
research conducted or supported by different departments and agencies. The past decade has
shown that the research on climate and globa change often includes components that do not fall
neetly into the core misson of any one of the participating agencies, are entirely new program
needs, or are key to the integration of separate agency activities. An exampleisthe
development of comprehensive climate and Earth- system modeling necessary for projecting
climate change and assessing its impacts on naturd and human sysems. Other examplesinclude
developing decision support resources for natura resource management and policy decisons
and preparation of integrated products such as the proposed periodic CCSP reports.

One necessary gpproach for addressing such integrating activitiesis to develop amechanism

that alows functionsthat are not centra to the core missions of the participating agencies, but
that are highly relevant, to be fostered. Some functions might be of short-duration but criticd to
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integration. Others might be long-term efforts that eventudly lead to the trangtion of multi-
agency research activities to operationa activities associated with a specific agency.

References:

Sarmiento et d., 1999. Sarmiento et d., Carbon and Climate Working Group of the
USGCRP, US Carbon Cycle Science Plan (Washington, DC: USGCRP).
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Acronyms

ADEOS. Advanced Earth Observing Satdlite

AQRS. Air Qudity Research Subcommittee of the Committee on Environment and Natural
Resources. The CENR is one of the 9 committees organized under the Nationa Science and
Technology Council (NSTC).

AmeriFlux. Americannetwork of sites measuring fluxes of carbon and water vapor fluxes
between terrestrial ecosystems and the atmosphere.

AMSR. Advanced Microwave Sounding Radiometer.

AO. Arctic Ocillation.

AOSB. Arctic Ocean Sciences Board.

APN. Asga-Pacific Network for Globa Change Research
BAHC. Biospheric Aspects of the Hydrologica Cycle project.
CCRI. Climate Change Research Initiative.

CCSM. Community Climate Sysem Modd.

CCSP. Climate Change Science Program.

CEOS. Committee on Earth Observation Satellites.

CGIAR. Conaultative Group on Internationa Agriculturd Research.
CH,. Methane.

Cl1iC. Climate and Cryosphere project of the World Climate Research Programme.
CLIVAR. Climate Varigbility and Predictability.

COLA. Center for OceantLand- Atmosphere Studies.

CO,. Carbon dioxide.

CPT. Climate Process Teams.

DPC. Domestic Policy Council.

ENSO. El Nifio-Southern Oscillation.

EOS. NASA's Earth Observing System.
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ESE. NASA's Earth Science Enterprise.
FAO. United Nations Food and Agriculture Organization.
G30S. Combination of three observing systems:.

1. Globd Climate Observing System (GCOS)

2. Globa Ocean Observing System (GOOS)

3. Globa Teredria Obsarving System (GTOS).
GAW. Globa Atmosphere Watch.
GCOS. Globd Climate Obsarving System.
GCRIO. Globd Change Research Information Office.

GCTE. Globd Climate and Terrestrial Ecosystems.

GECAFS. Globd Environmental Change and Food Systems project.

GEF. Globd Environmentd Fecility.

GEWEX. Globd Energy and Water Cycle Experiment.
GFDL. Geophysca Huid Dynamics Laboratory.

GIS. Geographic Information System.

GISS. Goddard Ingtitute for Space Studies.

GOFC-GOLD. Globa Observation for Forest and Land Cover Dynamics program.

GOOS. Globa Ocean Obsarving System.

GPS. Globa Postioning System.

GRACE. Gravity Recovery and Climate Experiment.

GSN. Globd Climate Observing System (GCOS) Surface Network.
GTN-P. Globa Terestria Network for Permafrost.

GTOS. Globd Teredrid Observing System.

GUAN. GCOS (Globa Climate Observing System) Upper-Air Network.

HELP. Hydrology for Environment, Life and Policy (United Nations Educationd, Scientific

and Culturd Organization).
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HSB. Humidity Sounder of Brazil

IAL Inter-American Indtitute for Globa Change Research.
IASC. Internationd Arctic Sciences Committee.

ICSU. Internationd Council for Science.

IGBP. Internationad Geosphere-Biosphere Programme.

IGAC: International Globa Atmospheric Chemistry, a Core Project of the Internationa

Geosphere-Biogphere Programme.

IGFA. Internationd Group of Funding Agenciesfor Globa Change Research.

IGOS. Integrated Globa Observing Strategy.

ITHDP. Internationa Human Dimensons Programme.

10C. theIntergovernmental Oceanographic Commission of UNESCO.

IPCC. Intergovernmental Pand on Climate Change.

IRI. International Research Ingtitute for Climate Prediction .

K-12. Kindergarten through grade 12.

MOPITT. Measurement of Pollution in the Troposphere
N,O. Nitrous Oxide

NACIP. Nationa Aerosol—Climate Interactions Program.
NACP. North American Carbon Program.

NAS. Nationa Academy of Sciences.

NASA. Nationd Aeronautics and Space Adminigration.
NCAR. Nationd Center for Atmospheric Sciences.
NCCTI. Nationd Climate Change Technology Inititive.
NEC. Nationd Economic Council.

NGO. Non-governmenta organization.

NOAA. Nationa Oceanic and Atmaospheric Administration.

NRC. Nationa Research Council.
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NSC. Nationd Security Council.
NSCAT. NASA Scatterometer.

PAGES. Past Globa Changes paaeoscience project of the International Geosphere-
Biogphere Programme.

PDO. Pxiific Decadd Oscillation.

PACOM. PanAfrican Committee of START [SysTem for Andlyss, Research, and Training).
QuikSCAT. NASA's Quick Scatterometer.

SCOPE. Scentific Committee on Problems of the Environment.

SCOR. Scientific Committee on Oceanic Research of the International Council for Science.
SCAR. Scientific Committee on Antarctic Research of the International Council for Science.
SeaWiFS. Sea-viewing Wide Fdd-of-view Sensor.

SPARC. Stratospheric Processes and their Role in Climate.

SSC. Scientific Steering Committee

START. SysTem for Anadyss, Research, and Training.

TAO. Tropicad Atmosphere-Ocean moored array.

TOPEX. Ocean Topography Experiment

TRMM. Tropicd Rainfal Messuring Misson.

TWAS. Third World Academy of Sciences.

UN. United Nations.

UNDP. UN Development Programme.

UNEP. UN Environment Programme.

USAID. USAgency for International Development.

USGCRP. USGloba Change Research Program.

WCRP. World Climate Research Programme.

WMO. World Meteorological Organization.

WHO. World Hedth Organization.

Draft Date: November 19, 2002 170



N

© oo ~NO O b~

10
11
12
13

14

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

35
36
37
38
39
40
41

DRAFT

Authors and Contributors

PART I. THE CLIMATE CHANGE RESEARCH INITIATIVE (CCRI)

Chapter 2. Research Focused on Key Climate Change Uncertainties

Chet Koblinsky, NASA and CCSP

Waleed Abdalati, NASA

Dan Albritton, NOAA (Atmospheric Composition Working Group Co-Chair)
Roger Dahiman, DOE (Carbon Cycle Working Group Co-Chair)

Phil Decola, NASA (Atmaospheric Composition Working Group Co-Chair)
Jared Entin, NASA (Water Cycle Working Group Co-Chair)

Rick Lawford, NOAA (Water Cycle Working Group Co-Chair)

Jessica Orrego, CCSP

Diane Wickland, NASA (Carbon Cycle Working Group Co-Chair)

Chapter 3. Climate Quality Observations, Monitoring, and Data Management
Lead Authors

Chet Koblinsky, NASA and CCSP

Margarita Conkright, NOAA and CCSP

Howard Diamond, NOAA

Wanda Ferrdl, DOE (Working Group on Data and Information Chair)
TomKarl, NOAA

Tom Spence, NSF (Working Group on Observations and Monitoring Chair)

Contributors

Waleed Abdaati, NASA

Dan Albritton, NOAA

Jeff Amthor, DOE and CCSP
James Andrews, ONR
Michad Dettinger, USGS
James Dodge, NASA

John L. Faundeen, USGS
Eric C. Itsweire, NSF

John A. Jensen, NOAA
Michadl Johnson, NOAA
Ants Leetmaa, NOAA

David Legler, CLIVAR
Sydney Levitus, NOAA
Sandy MacDonald, NOAA
James Mahoney, NOAA and CCSP
James McGuire, NOAA
Ledie Meredith, NASA
Richard Moss, CCSP
LolaM. Olsen, NASA

Draft Date: November 19, 2002 171



O o0 ~NO UL WNPE

=Y
o

11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

33

34
35
36
37
38
39
40
41

DRAFT

Lawrence Pettinger, USGS
Steve Piotrowicz, NOAA
Cynthia Rosenzweig, NASA
Steve Shafer, USDA

Brent Smith, NOAA

Sidney Thurston, NOAA
Kevin Trenberth, UCAR
Francesco Tubidllo, NASA
Sushel Unninayer, NASA
Stan Wilson, NOAA

Chapter 4. Decision Support Resources

Lead Authors
Susan Avery, CIRES and CCSP
Tom Baerwald, NSF
Jae Edmonds, PNL
Jay Fein, NSF
David Goodrich, NOAA
John Houghton, DOE
David Legler, CLIVAR
Richard Moss, CCSP
Claudia Nierenberg, NOAA
Joel Scheraga, EPA
Contributors
Kris Ebi, EPRI
Harvey Hill, NOAA
Ants Leetmaa, NOAA
LindaMearns, NCAR

Granger Morgan, Carnegie Méelon University

John Weyant, Stanford
Tom Wigley, NCAR

PART II. THE U.S. GLOBAL CHANGE RESEARCH PROGRAM (USGCRP)

Chapter 5. Atmospheric Composition

Lead Authors
Dan Albritton (Co-Chair), NOAA
Phil DeCola (Co-Chair), NASA
Don Anderson, NASA
Jm Gleason, NASA
Terry Keating, NSF
DinaKruger, EPA
Michad Kurylo, NASA & NIST

Draft Date: November 19, 2002

172



O o0 ~NO UL WNPE

10

11
12
13
14
15
16
17
18
19
20
21
22
23

24

25
26
27
28
29
30
31
32
33

35
36
37
38
39
40

DRAFT

Jod Levy, NOAA

Peter Lunn, DOE

Jarvis Moyers, NSF

Anne-Marie Schmoltner, NSF

Henry Tyrrdl, USDA

Darrdl Winner, EPA
Contributors

Ron Ferek, ONR

Mary Gant, HHS

Chapter 6. Climate Variability and Change

Lead Authors
Randy Dole (Co-Chair), NOAA
Jay Fein (Co-Chair), NSF
Dave Bader, DOE
Ming J, NOAA
Tsengdar Lee, NASA
David Legler, CLIVAR
Mike Pavich, USGS

Contributors

Anjuli Bamza, NOAA
Steve Meacham, NSF
Tony Socci, EPA
James Todd, NOAA

Chapter 7. Water Cycle

Lead Authors

Rick Lawford, NOAA (Co-Chair)
Jared Entin, NASA (Co-Chair)
Susanna Eden, CCSP

Wanda Ferrell, DOE

Harvey Hill, NOAA

Jn Huang, NOAA

L. Douglas James, NSF
Pamela L. Stephens, NSF

Sushel Unninayar, NASA

Contributors

Mike Dettinger, USGS
John Furlow, EPA

David C. Goodrich, USDA
William H. Kirby, USGS
Dave Matthews, DOI

Draft Date: November 19, 2002

173



DRAFT

1 Mark A. Wetz, USDA
2 Jon Werner, USDA
3  Chapter 8. Land Use/Land Cover Change
4  Lead Authors
5 Tom Loveand, USGS (Co-Chair)
6 Garik Gutman, NASA (Co-Chair)
7  Contributors
8 Ken Andrasko, EPA
9 Richard Aspindl, NSF

10 Virgll C. Badwin, USDA

11 Keya Chatterjee, NASA

12 Matt Fladeland, NASA

13 Bill Hohengtein, USDA

14 Chris Justice, UMD

15 Sdly Kane, NOAA

16 John Kdmdis, USGS

17 David Kirtland, USGS

18 NinaLam, NSF

19 Lawrence Pettinger, USGS

20 Catriona Rogers, EPA

21 Bill Sommers, USDA

22 Billie Turner, Clark U.

23 George Van Otten, USDA

24 David Wear, USDA

25 Chapter 9. Carbon Cycle
26  Lead Authors

27 Diane E. Wickland (Co-Chair), NASA
28 Roger Dahlman (Co-Chair), DOE
29 Jessica Orrego, CCSP

30 Richard A. Birdsey, USDA

31 Nancy Cavadlaro, USDA

32 Sue Conard, USDA

33 Rachadl Craig, NSF

34 Michael Jawson, USDA

35 AnnaPamisano, DOE

36 Don Rice, NSF

37 Ed Sheffner, NASA

38 David Shultz, USGS

39 Kathy Tedesco, NOAA

40 Charles Trees, NASA

41  Contributors

Draft Date: November 19, 2002 174



OO0k WN R

o

10
11
12
13
14
15
16
17
18
19
20
21
22
23

24

25
26
27
28
29
30
31
32
33

35
36
37
38
39
40
41

DRAFT

Enriqueta Barrera, NSF
Marilyn Buford, USDA
Cliff Hickman, USDA
Carol Jones, USDA
Steven Shafer, USDA
Bryce Stokes, USDA

Chapter 10. Ecosystems

Lead Authors
Susan Herrod Julius (Co-Chair), EPA

Steve Shafer (Co-Chair), USDA
Jeff Amthor, DOE and CCSP
John Calder, NOAA

Susan Conard, USDA

Knute Nadd hoffer, NSF

Don Scavia, NOAA

Woody Turner, NASA

Contributors

Larry Adams, USDA

Nancy Cavallaro, USDA

Pat Megonigd, Smithsonian Inditute
Jessica Orrego, CCSP

Catriona Rogers, EPA

Chuck Trees, NASA

Chapter 11. Human Contributions and Responses to Environmental Change

Lead Authors

Janet Gamble, EPA (Co-Chair)
Caitlin Smpson, NOAA (Co-Chair)

Contributors

Mitch Baer, DOE

Tom Bagrwald, NSF
Rebecca Clark, NIH
Mary Gant, HHS

Bill Hohengtein, USDA
John Houghton, DOE
Carol Jones, USDA
David Kirtland, USGS
Médinda Moore, HHS
Claudia Nierenberg, NOAA
Robert O'Connor, NSF
Warren Piver, NIH

Joel Scheraga, EPA

Draft Date: November 19, 2002

175



N -

O© oo~NO O bW

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28
29
30

31

32
33

35
36
37
38
39

DRAFT

Jm Titus, EPA
Juli Trtanj, NOAA

Chapter 12. Grand Challenges in Modeling, Observations, and Information
Systems

Lead Authors

Chet Koblinsky, NASA and CCSP

Margarita Conkright, NOAA and CCSP
Contributors

David Bader, DOE

Peter Backlund, UCAR

Maurice Blackmon, NCAR

Howard Diamond, NOAA

Jay Fein, NSF

Wanda Ferrdl, DOE (Working Group on Dataand Information Chair)

Paul Filmer, NSF

Vanessa Griffiny NASA

Tom Karl, NOAA

Ants Leetmaa, NOAA

Les Meredith, USGCRP

Ken Mooney, NOAA

LolaOlsen, NASA

Arigtides Patrinos, DOE

Lawrence Pettinger, USGS

Richard Rood, NASA

Bob Schiffer, NASA (ret.)

Tom Spence, NSF (Working Group on Observations and Monitoring Co-Chair)

Kevin Trenberth, UCAR

Warren Washington, NCAR

PART III. COMMUNICATION, COOPERATION, AND MANAGEMENT

Chapter 13. Reporting and Outreach

Lead Authors
Genene Fisher, CCSP
Susan Avery, CIRES
James R. Mahoney, NOAA and CCSP
Kathryn Parker, EPA
Kevin Rosed, EPA
Nick Sundt, CCSPO
Robert Worrest, GCRIO

Draft Date: November 19, 2002

176



DRAFT

Chapter 14. International Research and Cooperation

Lead Authors
Louis B. Brown (NSF)
Contributors

OO ~NOOULA,WN -

WWWWRNNRNNNNNNNNRPEPERPRERPRRRPR PR R
WNPOORARNOUBRWNRPOOWOMNOUDNWNERO

Christo Artusio, State
Ko Barrett, USAID
Garik Gutman, NASA
Michad Hales, NOAA
Jack Kaye, NASA

Kate Maiga, NOAA
LindaMoodie, NOAA
Duane Muller, USAID
Carrie Stokes, USAID
LisaF. Vaughan, NOAA

Jeff Amthor

Susan Avery

Margarita Conkright

David Dokken

Susanna Eden

Genene Fisher

Stephanie Harrington

Chet Koblinsky

David Legler

Sandy MacCracken

James R. Mahoney, Director
Richard Moss, Plan Coordinator
Jessica Orrego

Rick Rtz

Nick Sundt

Richard Todaro

Bob Worrest

Draft Date: November 19, 2002

U.S. CLIMATE CHANGE SCIENCE PROGRAM STAFF

177



