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A key challenge in this area is to continue developing the observational,
diagnostic, and modeling expertise required to determine the
impacts of climate variability and change at global and regional
scales.The required basic science research must be complemented
by a strong applied research component to ensure identification of
key regional issues and impacts of multiple stresses on resource
management, determine responsiveness to user needs, and develop
objective means for measuring success.To be developed most
effectively, these research efforts should be conducted as sustained,
two-way partnerships that directly involve decisionmakers and other
regional stakeholders.This will help to ensure that results of climate
research are made most useful for applications. Further, user needs
can provide important guidance for developing future research
directions. Regional “test beds” or “enterprises” can serve as important
foci for developing such partnerships, evaluating potential uses of
climate information at regional scales, and performing analyses of
regional climate impacts, vulnerabilities, adaptation, and mitigation
options related to climate variability and change.They can also be
used as demonstration projects for providing end-to-end delivery of
climate information and evaluations of its uses, and for establishing
an improved national decision support capability.

Because of the difficulties in evaluating the effectiveness of decisions
with long lead times, important initial steps toward building confidence
in the use of climate information can be made through focused
research on shorter term decisions, such as those that occur on
monthly and seasonal-to-interannual time scales (e.g., agriculture,
water management, energy distribution, wildfire management).
Improved information for supporting climate-sensitive decisions on
these time frames will be critical for building credibility on the uses
of climate data and projections to better inform difficult, long-term
decisions. A focus on shorter term climate variability also provides
opportunities to try various decision options.(e.g., through adaptive
management strategies). Evaluating the effectiveness of strategies on
shorter time scales will be useful for developing longer term policy
options and decisions.

As climate knowledge improves, evaluation can be extended to
multi-year and decadal time scales, which will provide an important
bridge to policy and decision options related to longer term changes.
In this regard, the decadal time scale offers a valuable bridge for
research on climate-sensitive adaptive strategies across time scales.
It links the management of the impacts of individual extreme events
and interannual variations to longer term variations and can provide
tangible observational regional analogs for climatic change.

To ensure that these efforts are efficient and cost-effective, it will be
crucial to involve existing regional experts in climate information,
applications, and user needs, such as state climatologists, regional
climate centers, university extension agents, local weather service
offices, and members of the private sector.These regional efforts must
ultimately be coordinated effectively in order to provide information
that will serve the needs of policymakers and decisionmakers at the
national level (see Chapter 11).

Milestones, Products, and Payoffs
Milestones and Products
• Establishment of research teams involving climate and social

scientists and stakeholders in climate-sensitive regions to create
focused, user-responsive partnerships (Questions 4.5.1–4.5.5)
[less than 2 years and beyond].

• Increased partnerships with existing stakeholder support
institutions, such as state climatologists, regional climate centers,
agricultural extension services, resource management agencies,
and state governments to accelerate uses of climate information
(Questions 4.5.1–4.5.5) [less than 2 years and beyond].

• Assessments of the adequacy of existing operational climate
monitoring networks to provide regional decision support, and
to identify major data gaps in addressing critical regional and
policy issues, such as drought planning and response (Questions
4.5.1 and 4.5.2) [2-4 years].

• Development of high-resolution climate products for climate-
sensitive regions, based on monthly instrumental data, annual
paleoclimatic data, and climate forecasts (Questions 4.5.1 and
4.5.3) [2-4 years and beyond].

• Documented regional impacts of climate variability, and
development of reports on the potential implications of projected
climate changes (Questions 4.5.1 and 4.5.5) [beyond 4 years].

• Development of a framework for assessing the effectiveness of
current regional-scale climate science and services (Question
4.5.5) [2-4 years].

• Development of first-generation “test bed” integrated climate
science and assessment decision support systems for subsets of
user groups (e.g., farmers, ranchers, water managers, forest
managers, fisheries managers, coastal zone managers, urban
planners, and public health officials) in regions where user
demand is already demonstrated (Question 4.5.5) [2-4 years
and beyond].

• Policy-relevant information on uses and needs for climate
information, and potential impacts of future climate variability
and change at regional to local levels, in support of national and
international assessments (Question 4.5.1-4.5.5) [2-4 years and
beyond].

Payoffs
• Expanded decision support resources and the capacity to effectively

apply climate knowledge [2-4 years and beyond].
• Increased public and decisionmaker use of research-based

information on climate variations, forecasts, and impacts
[2-4 years and beyond].

• Knowledge to develop and sustain effective climate services for
all parts of the nation and to support national decisionmaking
capabilities [2-4 years and beyond].

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
Global Energy and Water Cycle Experiment (GEWEX), as well as
the International Geosphere-Biosphere Programme (IGBP) PAGES
paleoscience project are critical for developing global infrastructure
and research activities designed to ensure that global aspects of climate
variability and change are addressed in a coordinated manner.
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of Climate Prediction is leading international development of climate
predictions and their applications. Finally, NOAA’s National Centers
for Environmental Prediction (NCEP) will also contribute in many
key areas including climate monitoring and diagnostics, forecasting,
reanalyses, and high-resolution weather modeling. Stronger linkages
with NCEP and other members of the weather modeling community
will be most helpful in advancing capabilities to address issues of
high societal relevance, such as downscaling information to regional
and local scales and improving predictions and projections of extreme
events. Finally, involving the cadre of regional climate centers and
state climatologists will help ensure that regional and user expertise
is represented in the development of effective frameworks for
developing useful information.

52

In particular, CLIVAR—the broadest of the WCRP programs
(WCRP, 1995)—has a suite of vigorous activities that address
numerous facets of the climate problem. For example, its Working
Group on Seasonal-to-Interannual Prediction leads worldwide
development and assessment of prediction approaches and forecast
systems while the CLIVAR-WCRP Working Group on Coupled
Modeling is fostering advancements in coupled modeling. In the
Atlantic region, CLIVAR is actively coordinating and encouraging
international (e.g., U.S., European, and South American) observational,
analysis, and modeling activities that will advance understanding and
predictions of the puzzling climate changes that impact this region.
These research activities are identifying how the regional climate
changes are manifested through features such as TAV and
NAO/NAM. Furthermore, CLIVAR investigations are elucidating
critical ocean-atmosphere-land-cryosphere (and with WCRP-
SPARC, stratosphere-troposphere) coupled processes as well as
critical inherent features such as the Atlantic Ocean thermohaline
circulation that must be correctly modeled to project future climate
changes. CLIVAR and WCRP are fostering numerous activities in
the Americas that are addressing global issues (e.g., process studies
focusing on the evolution and dynamics of the monsoons) as well as
regional issues (e.g., extreme events, paleoenvironmental variability)
and their implications for the global climate system.

Within the United States there are a number of partners that will
coordinate implementation of the Climate Variability and Change
strategic vision. U.S. CLIVAR has in place a nucleus of scientific
and programmatic elements, but will need to strengthen ties with
additional WCRP groups (e.g., U.S. CliC) as well as with focused
model and assimilation system development (e.g., at the National
Center for Atmospheric Research, Geophysical Fluid Dynamics
Laboratory, and the Goddard Space Flight Center).The deep-ocean
observation program—a joint U.S. CLIVAR-Carbon Cycle Study
Program effort—is fostering a complementary international
component that is providing an example of the benefits of program
coordination. Additionally, NOAA’s International Research Institute
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Question 5.1:What are the mechanisms and
processes responsible for the maintenance and
variability of the water cycle; are the characteristics
of the cycle changing and, if so, to what extent are
human activities responsible for those changes?

Question 5.2: 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 5.3: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?

Question 5.4:What are the consequences over a
range of space and time scales of water cycle
variability and change for human societies and

ecosystems, and how do they interact with the Earth system to affect sediment transport and
nutrient and biogeochemical cycles?

Question 5.5: How can global water cycle information be used to inform decision processes
in the context of changing water resource conditions and policies?
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The water cycle is essential to life on Earth. As a result of
complex interactions (see Figure 5-1), the water cycle acts
as an integrator within the Earth/climate system, controlling
climate variability and maintaining a suitable climate for
life.The water cycle manifests itself through many
processes and phenomena, such as clouds and precipitation;
ocean-atmosphere, cryosphere-atmosphere, and land-
atmosphere interactions; mountain snow packs; groundwater;
and extreme events such as droughts and floods.
Inadequate understanding of and limited ability to model
and predict water cycle processes and their associated
feedbacks account for many of the uncertainties associated
with our understanding of long-term changes in the climate
system and their potential impacts, as described by the
Intergovernmental Panel on Climate Change (IPCC). For
example, clouds, precipitation, and water vapor produce
feedbacks that alter surface and atmospheric heating and
cooling rates, and the redistribution of the associated heat

sources and sinks leads to adjustments in atmospheric circulation,
evaporation, and precipitation patterns.

Because water cycle processes occur, are observed, and are studied
at a wide variety of scales (watershed, basin,continental, global),
understanding of the water cycle is extremely challenging.
Characterizing the interactions between the land and the
atmosphere will require capabilities, such as improved observations
and regional climate models, to scale down global climate model
fields and to scale up the effects of land surface heterogeneity.
The interactions between oceans and the atmosphere manifest
themselves as the slower modes of climate variability, as described
in Chapter 4.

Clean water is an essential resource for human life, health, economic
growth, and the vitality of ecosystems. From social and economic
perspectives, the needs for water supplies adequate for human
uses—such as drinking water, industry, irrigated agriculture,

Water Cycle5 
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hydropower, waste disposal, and the protection of human and
ecosystem health—are critical.Water supplies are subject to a range
of stresses, such as population growth, pollution, and industrial and
urban development.These stresses are exacerbated by climate
variations and changes that alter the hydrologic cycle in ways that
are currently not predicted with sufficient accuracy for
decisionmakers. A number of these concerns and related questions
and strategies are documented in a recent report on research needs
and opportunities, A Plan for a New Science Initiative on the Global
Water Cycle (USGCRP, 2001), which formed the basis for initial
interagency planning related to the global water cycle.

Advances in observing techniques, combined with increased computing
power and improved numerical models, now offer new opportunities
for significant scientific progress. Furthermore, field studies and
modeling initiatives like the Global Energy and Water Cycle
Experiment (GEWEX) Continental-Scale International Project,
observation systems such as the Tropical Rainfall Measuring Mission
(TRMM, see Figure 5-2), and regional test beds such as the Cloud
Atmospheric Radiation Testbed (CART)/Atmospheric Radiation
Measurement (ARM) site have provided data and insights that
accelerated improvements in model physics. Recently, for example,
credible predictions of seasonal variations in the water cycle have
been produced for the western United States and Florida.This
activity has served as a basis for dialogue between the research
community and decisionmakers on the latter’s information needs
and on opportunities for improving the adaptability of infrastructure
and management practices to long-term changes and extremes.
Along with the growing ability to provide advance notice of
extreme hydrologic events, this forecast capability provides new
options for social and economic development and resource and
ecosystem management.

In addition, recently launched satellites such as Terra, Aqua,
GRACE, and IceSAT, among others, will substantially increase the
detailed data needed to better understand and model global and
regional water cycle processes.The water cycle variables needed
from satellite and in situ systems and field campaigns are included in
the comprehensive list shown in Appendix 12.1. In addition, there
are some central water cycle variables that will be featured in water
cycle prediction efforts including clouds, precipitation, soil moisture,
runoff, evaporation, and infiltration rate.

At the same time, considerable additional effort will be required to
extract accurate regional and local climate predictions from global
models. Furthermore, effective operational application of many of
these new prediction and measurement capabilities is hampered by the
lack of adequate networks for observing critical water cycle variables
such as soil moisture, and the absence of effective coordination of
terrestrial water observing activities.

To address the urgent need for better information on the water
cycle, the Climate Change Science Program (CCSP) is planning its
Water Cycle research program around two overarching questions:
• How does water cycle variability and change caused by internal

processes, climate feedbacks, and human activities influence the
distribution of water within the Earth system, and to what
extent is this variability and change predictable?

• What are the potential consequences of global water cycle
variability and change for society and the environment, and how
can knowledge of this variability and change improve decisions
dependent on the water cycle?

The following five questions address different aspects of these
overarching questions.The first overarching question is dealt with in

54

Figure 5-1: Conceptualization of the
global water cycle and its interactions
with all other components of the
Earth-climate system. The water
cycle involves water in all three of its
phases [solid (snow, ice), liquid, and
gaseous], operates on a continuum
of time and space scales, and
exchanges large amounts of energy
as water undergoes phase changes
and is moved dynamically from one
part of the Earth system to another.
These interactions with radiation and
atmospheric circulation dynamics link
the water and energy cycles of the
Earth system. Source: Paul Houser
and Adam Schlosser, NASA GSFC.
For more information, see Annex C.
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questions 5.1 to 5.3. Questions 5.4 and 5.5 relate to the second
question. Further clarification of the science emphasis planned for
each of the five areas is provided by the illustrative science questions.
Linkages between the Water Cycle element and other CCSP elements
are noted in parentheses after each illustrative question.

State of Knowledge
The global water cycle encompasses the distribution and movement
of water in its three phases throughout the Earth system and
includes precipitation, surface and subsurface runoff, oceans, cloud
cover, atmospheric water vapor, soil moisture, groundwater, and so
on.The Third Assessment Report of the Intergovernmental Panel on

Climate Change (IPCC, 2001a) cites evidence of possibly significant
changes in critical water cycle and related climate variables during
the 20th century.These include a 0.6 ± 0.2°C increase in global mean
surface temperature, a 7-12% increase in continental precipitation
over much of the Northern Hemisphere, massive retreats of most
mountain glaciers, and later autumn freeze-up and earlier spring
break-up dates for ice cover on many Northern Hemisphere lakes.
Less certain, but potentially important possible changes, include a
2% increase in total cloud cover over many mid- to high-latitude
land areas, increases in total area affected globally by combined
extreme events including droughts and floods, and a 20% increase in
the amount of water vapor in the lower stratosphere. Other studies
suggest other conclusions, indicating that the question of significant
changes may still be open for some water cycle variables.

Because there is a substantial range of natural variability in the climate
system due to internal processes alone, it is difficult to distinguish
natural excursions from the “norm” from changes that might be the
result of forcing due to human activities, such as land-use change and
aerosols (see Figure 5-3).The distribution and nature of atmospheric
aerosols have an effect on both cloud radiative properties and the
generation of precipitation. Moreover, the impact of increased
upper tropospheric/lower stratospheric water vapor on the radiative
balance and cloud structure is potentially quite large.These effects
are not yet well enough understood to accurately project their
impact on water and energy cycles or to predict the effects of climate
change on regional water resources. Although significant advances
have been made in modeling moderately sized watersheds, current
global climate models cannot properly simulate many aspects of the
global water cycle, such as precipitation amounts, frequency, and
diurnal cycle, as well as cloud distribution and its influence on climate.
Without appropriate models to conduct tests, it is difficult to
attribute observed trends to human-induced climate changes or
natural variability.

Illustrative Research Questions
• How have the characteristics of the water cycle changed in

recent years, and to what extent are the changes attributable to
natural variability and human-induced causes (Chapter 4)? 

• What are the key mechanisms and processes responsible for
maintaining the global water cycle and its variability over space
and time scales relevant for climate (Chapter 4)? 

• How are regional groundwater recharge, soil moisture, and
runoff affected by changing global precipitation and vegetation
patterns, and cryospheric processes (Chapter 8)? 

• How have changes in land use and water management and
agricultural practices affected trends in regional and global
water cycles (Chapter 6)?

• How do aerosols, their chemical composition, and distribution
affect cloud formation and precipitation processes, patterns, and
trends (Chapter 3)?

• With what accuracy can local and global water and energy
budgets be closed? 

• What is the relative importance of local and remote factors in
extreme hydrologic events such as droughts and floods (Chapter 4)?

• What are the characteristics of upper tropospheric/lower
stratospheric water vapor and clouds and how are they affected
by deep convection (Chapter 4)?
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Figure 5-2: The TRMM Space-Based Observatory—a joint project of NASA
and Japan’s National Space Development Agency (NASDA)—monitors
global tropical precipitation, sea surface temperature, hurricane structure,
and other key aspects of the global water cycle. These particular renderings
are visualizations of the vertical structure of a typical hurricane created
using data from TRMM’s Precipitation Radar (Hurricane Bonnie,
August/September 1998). Source: X. Shiraz and Y. Morales, NASA
Scientific Visualization Studio.

Question 5.1:What are the mechanisms and
processes responsible for the maintenance and
variability of the water cycle; are the characteristics
of the cycle changing and, if so, to what extent are
human activities responsible for those changes?
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Research Needs
Although techniques for measuring water cycle variables have
improved, the number of observations is limited and, in some cases,
new sensors are needed. New satellite and in situ observing capabilities
will be critical for detecting patterns and quantifying fluxes, especially
in terrestrial variables such as soil moisture, and atmosphere-ocean
fluxes. Existing in situ networks need to be maintained and
enhanced, particularly those monitoring precipitation, river discharge,
and snow pack. Data sets should be developed using historical and new
observations to ensure consistency in the record and for sufficiently
long time periods to assess climate variability. Network enhancements
and open data access are needed to address water-related issues
especially in areas that are currently underrepresented. Also needed
are new data assimilation techniques to produce consistent data
products for research and process studies from inhomogeneous
and/or disparate observations. Appropriate paleoclimate data sets
must be assembled to provide a long-term perspective on water
cycle variability. New models are needed that can simulate critical
water processes at resolutions that allow comparison with long-term
data sets. Finally, a wide range of process studies must be conducted
to provide understanding of the mechanisms that maintain the
water cycle system.

Milestones, Products, and Payoffs
• In collaboration with the Observing and Monitoring research

element, development of an integrated global observing strategy
for water cycle variables, employing Observational System
Simulation Experiments (OSSE) as appropriate [less than 2 years].

• Documentation of trends in key water cycle variables through
data analysis and comparisons with model simulations to assess
the mechanisms responsible for these trends [beyond 4 years].

• Planned satellite measurements and focused field studies to
better characterize water vapor in the climate-critical area of
the tropical tropopause (the boundary between the troposphere
and the stratosphere) [2-4 years].

• Regional and global precipitation products that merge
measurements from different satellite and other remote-sensing

data streams to support joint Water Cycle/Climate Variability
and Change studies of ocean- and land-atmosphere coupling and
the global energy balance [2-4 years].

• Integrated long-term global and regional data sets of critical
water cycle variables such as evapotranspiration, soil moisture,
groundwater, clouds, etc., from satellite and in situ observations
for monitoring climate trends and early detection of potential
climate change [2-4 years].The Ecosystems, Carbon Cycle, and
other CCSP research elements will use these data sets as inputs
for their analyses and model development studies.

• Results from process studies related to the indirect effects of
aerosols on clouds will be available for future assessments of
climate sensitivity to aerosols [2-4 years].

• Improved regional water cycle process parameterizations based
on process studies conducted over regional test beds to improve
the reliability of climate change projections [beyond 4 years].

• Development of analyses for a State of the Water Cycle evaluation
[beyond 4 years].

State of Knowledge
Feedback processes operating between the global water cycle and
other components of the Earth/climate system represent the
response to external forcing, such as increases in atmospheric carbon
dioxide (CO2). For example, results from climate models suggest
there will be an increase in water vapor as the climate warms.
Water vapor is the dominant greenhouse gas in the atmosphere;
therefore, an increase would result in a strong positive feedback on
temperature. Clouds strongly influence the energy budget because
of their impact on the radiative balance, but the net cloud-radiation
feedback is uncertain. Quantifying the water vapor-cloud-radiation
feedback is key to understanding climate sensitivity and the factors
governing climate change.

Because the physical processes responsible for the vertical transport
of water vapor, cloud formation, cloud-radiation interactions, and
precipitation occur at scales that currently are not resolved by climate
models, they are parameterized. Although progress has been made
in developing and applying high-resolution cloud-resolving models,
to date the benefits of these developments for parameterizing three-
dimensional cloud distributions in climate models have not been
fully realized.

Climate model results also indicate that temperature increases will
be amplified in the Arctic due to feedbacks involving permafrost,
snow, and ice cover. Should these amplified increases occur, melting
continental snow and ice may result in changes in northern river
runoff and ocean salinity, while thawing permafrost may lead to
increased releases of methane (a greenhouse gas) to the atmosphere.
Given the same greenhouse gas increases, individual climate models
produce different rates of warming and drastically different patterns
of circulation, precipitation, and soil moisture depending on how
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Figure 5-3: Observational evidence showing the effect of aerosols on
cloud formation and precipitation processes over south Australia. The yellow
patches within Area 2 have reduced droplet sizes, indicating the presence
of pollution. White patches outside Area 2 indicate rainfall. Although
measurements indicated ample water in the polluted clouds, the smaller
droplet size may have prevented precipitation. Source: NASA GSFC
(research results from Daniel Rosenfield, The Hebrew University of
Jerusalem). For more information, see Annex C.

Question 5.2: 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?
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feedback processes are represented in the models. Basic understanding
of feedback processes must be improved and incorporated into models.

Illustrative Research Questions
• What is the sign and magnitude of the current water vapor-

cloud-radiation-climate feedback effect (Chapter 4)?
• How do changes in water vapor and water vapor gradients, from

the stratosphere to the surface, affect radiation fluxes, surface
radiation budgets, cloud formation and distribution, and
precipitation patterns, globally and regionally (Chapter 4)?

• How do freshwater fluxes to and from the ocean that affect the
global ocean circulation and climate (precipitation, river discharge,
sea-ice melt, evaporation) vary, and how may they be changing
(Chapter 4)?

• How do changes in global and regional water cycles interact
with evapotranspiration, vegetation and the carbon cycle and
vice versa (Chapters 7 and 8)?

• What are the interactions between land surface changes and
regional water cycles (Chapter 6)?

• How might an intensification of the hydrological cycle, warming
in the Arctic, and melting permafrost affect the production of
methane and nitrous oxide (Chapters 4 and 7)?

Research Needs
Model development can be accelerated by acquiring data from
interdisciplinary field studies over regional test beds, such as those

shown in Figure 5-4, to provide a better understanding of scaling
effects and the best way to include them in parameterizations. New
parameterizations of water cycle/climate feedbacks (e.g., cloud-
aerosol and land-atmosphere) and sub-grid-scale processes (e.g.,
clouds, precipitation, evaporation) will have to be developed and
validated, and the sensitivity of global climate models to these new
parameterizations will have to be evaluated. Research on water and
clouds will have to be closely linked to investigations of aerosols.
The development and implementation of instrument systems over
selected, globally distributed, test beds is essential. The data
products must be comprehensive and include groundwater, and
they should have sufficient resolution to assess optimal sampling
strategies for future observational campaigns and field programs
over larger regions.Where appropriate, data and experimental field
sites will be shared with the Ecosystems and Carbon Cycle research
elements.

Milestones, Products, and Payoffs
• New observationally tested parameterizations for clouds and

precipitation processes for use in climate models based on
cloud-resolving models developed in part through field process
studies [2-4 years].This will support Climate Variability and
Change research element work on climate feedbacks.

• Incorporation of water cycle processes, interactions, and
feedbacks into an integrated Earth system modeling framework
[2-4 years].
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Figure 5-4: Water vapor measurements at the Atmospheric Radiation Measurement Program (ARM) Southern Great Plains (SGP) site from 29 November to
2 December 2002. Top Panel: Measured water vapor mixing ratio from the Raman lidar. These charts of the fundamental measured quantity from the lidar
give unique information about the vertical and horizontal scales of turbulent fluxes that transport moisture. Middle Panel: Relative humidity calculated from the
mixing ratio and associated temperature data at the SGP. Bottom Panel: Comparison between the integrated water vapor from the Raman lidar and the
measured water vapor path from the microwave radiometer. Source: David Turner, University of Wisconsin, DOE ARM Program.
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• Quantification of the potential changes in the cryosphere,
including the effects of permafrost melting on regional hydrology
and the carbon budget, and the consequences for mountain
snowpacks, sea ice, and glaciers [beyond 4 years].These efforts
will complement those of the Climate Variability and Change
and Carbon Cycle research elements in the area of cryosphere-
atmosphere-ocean coupling and feedbacks.

• In collaboration with the Climate Variability and Change
research element, sensitivity tests of global models to improve
parameterizations of feedbacks and sub-grid-scale processes
(land-cover change, land surface processes, precipitation, clouds,
etc.) [beyond 4 years].

• Enhanced data sets for feedback studies, including water cycle
variables, aerosols, vegetation, and other related feedback
variables, generated from a combination of satellite and ground-
based data [2-4 years].These data sets will be critical for most
CCSP research elements.

• Together with the Land-Use/Land-Cover Change and Carbon
Cycle research elements, improved coupled land-atmosphere
models and enhanced capability to assess the consequences of
different land-use change scenarios [beyond 4 years].

State of Knowledge
Improved seasonal predictions of water resource availability and
their application can have major economic benefits. For example, in
1999, if the experimental spring runoff forecasts for the Green
River had been used, improved water management decisions could
have resulted in more efficient use of stored water and yielded more
than $3.1 million in additional revenues from power production and
irrigation.While precipitation forecasts on “weather” time scales
have improved, current global and regional models demonstrate

limited skill in predicting precipitation, soil moisture, and runoff on
seasonal and longer time scales.Water managers indicate this skill
level to be inadequate for their needs.

Seasonal-to-interannual predictability is a function of local and
remote influences involving various ocean and land processes.
Enhanced predictability can result from persistence of specific
phenomena or slowly varying boundary conditions (soil moisture/
groundwater, snow/ice, vegetation/land cover, and ocean and land
surface temperatures) that persist over periods of weeks, months,
or even years. More accurate initial surface fields for prediction
models produced by recently developed land data assimilation
systems provide a basis for reducing prediction errors.
Understanding of the El Niño/La Niña cycle has provided some
predictive skill, particularly with respect to seasonal outlooks for
floods and droughts (see Figure 5-5); however, the memory effects of
land conditions on the atmosphere are not well enough understood.
Cloud and precipitation feedbacks and the interactions of the lower
boundary layer (lower 500 meters of the atmosphere) with land and
ocean surface conditions also are not well understood.

A critical prediction problem involves advance warning for major
flood and drought events.The ability to reliably assess whether
hydrologic extremes will increase as greenhouse gas concentrations
rise is also important. Extreme events arise from a combination of
large-scale circulation patterns that enhance atmospheric conditions
conducive to flood or drought, regional patterns and feedbacks that
accentuate the larger scale factors, and preconditioning of the system
to increase the impacts of the flood or the drought event.
Understanding the relative roles of remote and local factors in
initiating, maintaining, and terminating extreme events will require
the Water Cycle and the Climate Variability and Change research
elements to work collaboratively on this topic.

Illustrative Research Questions
• How predictable are water cycle variables at different temporal

and spatial scales over different regions of the Earth’s surface
(Chapter 4)?
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Question 5.3: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?

Figure 5-5: Predictability of precipitation in summer (June, July, and August) on seasonal time scales, through analysis of an ensemble of multi-decadal
coupled land-atmospheric model simulations. In map (a), values close to 1 indicate areas where precipitation is strongly determined by sea surface
temperature (SST) and therefore is predictable when SST is predictable; values close to 0 indicate where foreknowledge of SST may not lead to useful
seasonal precipitation predictions. Map (b) shows the same information for SST and land surface moisture state. The addition of land surface information
appears to improve predictability. Source: R.D. Koster, M. Suarez, and M. Heiser, NASA. For more information, see Annex C.
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• For different model resolutions, how can key water cycle
processes be better simulated, in order to enhance the capability
of producing more accurate seasonal-to-interannual predictions
of water cycle variables (Chapters 4 and 8)?

• How can the representation of water cycle processes in climate
models be improved to reduce uncertainties in projections of
climate change (Chapter 4)? 

• What are the critical hydrological and atmospheric factors
present in major flood and drought events that can be isolated,
quantified, and incorporated into water cycle prediction
methodologies (Chapter 4)?

• What model improvements are needed to assess the changes in
seasonality, intensity, and variability of high-latitude freshwater
fluxes (precipitation, evapotranspiration, runoff) and stores (soil
moisture, snow/ice, permafrost) that may result from climate
change, specifically in large basins covering a range of climate
regions? 

• What processes and model resolutions are needed to improve
regional models used to downscale global predictions to local
and watershed scales? Are there other downscaling techniques
(e.g., statistical approaches) that can be equally effective
(Chapter 4)?

• How can the uncertainty in the prediction of water cycle variables
be characterized and communicated to water resource managers
(Chapter 11)?

Research Needs
Advances in prediction capabilities will depend on improvements in
model structure and initialization, data assimilation, and parameter
representations. Predictability studies will be required to determine
the regions, seasons, lead times, and processes most likely to provide
additional predictive skill. Better understanding and improved
model representations of less well-understood processes—such as
the seasonal and longer term interactions of the atmosphere with
vegetation, soils, oceans, and the cryosphere—are needed.The
modeling of regional feedbacks leading to extreme events also
requires a better understanding of land-atmosphere interactions,
while the modeling of antecedent conditions requires hydrologic
and biospheric models and monitoring programs that will account
for the effects of prolonged rainfall, or lack thereof, in a given
region.The goal of better predictions must be achieved by accurate
representations of precipitation processes in climate models.The
role of mountains in the annual water cycle also needs to be
better understood. Data sets are needed for the calibration and
validation of global coupled climate models and the development
of regional downscaling and statistical forecasting techniques.
In addition, model evaluation studies with enhanced data sets
are needed to improve models and to characterize and reduce
uncertainties.

Milestones, Products, and Payoffs
• Regional reanalysis providing a wide range of high-resolution,

daily water cycle analysis products for a 25-year period, for use
in analyzing features absent in global climate data assimilation
products [less than 2 years].

• Observational data sets to initialize and test boundary layer and
other components (including parameterizations) in mesoscale,
regional, and global models [2-4 years].

• Results from field and modeling experiments to study the role of
mountain environments on precipitation and runoff production
[2-4 years].

• New drought monitoring and early warning products based on
improved measurements of precipitation, soil moisture, and
runoff, and data assimilation techniques to inform drought
mitigation planning [2-4 years].This initiative will be
undertaken in collaboration with extreme event activities in
the Climate Variability and Change and Ecosystems research
elements.

• Metrics for representing the uncertainty in predictions of water
cycle variables and measurably improved forecast products for
water resource managers [2-4 years].

• In collaboration with the Climate Variability and Change
research element, the capability for long-range prediction of
drought and flood risks (seasonal-to-interannual time scales)
[beyond 4 years].The Water Cycle research element will focus
on the role of terrestrial feedbacks to extreme events while the
Climate Variability and Change research element will address
the seasonal and longer term changes in remote influences such
as sea surface temperatures.

• Downscaling techniques, such as improved regional climate
models, that bridge the disparate spatial and temporal scales
between global model outputs and atmospheric, land surface,
and river basin processes, for improved evaluation of potential
water resource impacts arising from climate variability and
change [beyond 4 years].

• New space-based systems for measuring global precipitation will
be developed and implemented to support the needs of the
Climate Variability and Change, Carbon Cycle, and Land-Use/
Land-Cover Change research elements [beyond 4 years].

State of Knowledge
Variability and changes in the water cycle have been shown to have
profound impacts on human societies (including human health) and
ecosystems, but many of the linkages between these changes and
their outcomes are not yet understood in the detail needed to
inform policy and management responses. In addition, the
strategies used for water management throughout the last century
to adapt to climate variability have had impacts on water availability
and water quality that must be identified and evaluated as part of
the process of separating climate change effects from other forms
of global change arising from factors such as industrialization and
population growth. Furthermore, the ability to simulate variations
in water availability and quality and their consequences for
agriculture, wetlands, energy production and distribution, urban
and industrial uses, and inland shipping, among others, should be
further developed and integrated into a common modeling
framework.
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Question 5.4:What are the consequences over a
range of space and time scales of water cycle
variability and change for human societies and
ecosystems, and how do they interact with the Earth
system to affect sediment transport and nutrient and
biogeochemical cycles?
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in land use and land cover will be needed to assess consequences for
water supply. It also will be essential to work closely with social and
ecosystem scientists to develop understanding of impacts of water
cycle variability, and social and biological responses and feedbacks
arising from that variability.

Milestones, Products, and Payoffs
• Reliable, commensurate data sets at the watershed scale that

scientists from various disciplines will use to examine critical
water-Earth interactions for improved integrated watershed
management [2-4 years].

• Development and application of better methods for monitoring
subsurface waters for inventorying current and future water
availability, including tracking aquifer storage and how it responds
to water withdrawals and climate change [beyond 4 years].

• Development of data sets and analyses of spatial and temporal
trends in stream flow and water quality (including sediments
and chemicals) for a range of watershed conditions including
watersheds with minimal effects from human activities,
agricultural watersheds, sensitive ecosystems, and large river
basins [2-4 years].These activities will address the needs of the
Ecosystems research element for baseline water cycle information.

• Evaluations of the effects of water cycle variability and change
on trends in water-quality conditions [2-4 years]. Information
from these evaluations is needed for studies by the Ecosystems
research element.

• Improved modeling and remote-sensing methods for scaling up
from individual pathways and mixing zones to the scale and
complexity of watershed systems [beyond 4 years].

• Models that partition precipitation among surface and subsurface
pathways, route flows, and quantify physical and chemical
interactions for evaluating climate and pollution impacts
[beyond 4 years].

• Contributions of data and advice to Human Contributions and
Response studies, including use of improved epidemiological
models, to examine the potential for major water-mediated
infectious diseases [2-4 years].

• Scientific capability to assess the climate-related consequences of
water use trends and water management practices [beyond 4
years].This capability is needed to evaluate the effects of water
management on the health of ecosystems, and together with the
Climate Variability and Change research element to examine the
combined effects and relative contributions of groundwater
pumping and climate change on sea-level rise and coastal flooding.

State of Knowledge
Results of recent research on the water cycle can contribute to the
capacities of decisionmakers in such sectors as water management,
agriculture, urban planning, disaster management, energy, and
transportation. Improved understanding of water cycle variability
and trends at regional and watershed scales appears to benefit
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Many of the impacts of water variability arise because of its effects
on sediment loadings and the transport of nutrients and sediments.
As water cycles through the environment, it interacts strongly with
other biogeochemical cycles—notably carbon, nitrogen, and other
nutrients. Flowing water also erodes, transports, and deposits
sediments in rivers, lakes, and oceans, altering water quality and
affecting agricultural production and ecosystem functioning, among
other socially relevant impacts.Yet our ability to quantify the role of
flowing water as the primary agent for sediment transport that
reshapes the Earth’s surface, and for nutrient transport that feeds
riparian (relating to rivers) habitats and degrades water bodies, is
inadequate. 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
transport rates, biochemical transformations, and constituent
concentrations and feedbacks whereby the water cycle alters media
and ecosystems.

Illustrative Research Questions
• How does the water cycle interact through physical, chemical,

biophysical, and microbiological processes with other Earth system
components at the watershed scale (generally 50 to 20,000 km2)
(Chapters 6, 7, and 8)?

• How do changes in climate, land cover, and non-point waste
discharges alter water availability, river flows, water quality, and
the transport of sediments, nutrients, and other chemicals, and
how do these changes affect human and ecosystem health
(Chapters 6 and 8)?

• How do surface and subsurface processes change the quantity
and quality of water available for human and environmental uses
(Chapters 6 and 8)?

• How might an intensification of the hydrological cycle enhance
soil erosion and result in soil degradation, especially losses in
soil carbon (Chapters 6 and 7)?

• How would ongoing systematic depletion of groundwater
resources be influenced by climate change and how is this
process affected by sea-level rise (Chapters 4, 6, and 8)?

• How might ongoing and potential future changes in hydrologic
regimes, such as earlier melting of the snowpack and lake and
river ice, affect the amount and timing of spring, summer, and
fall flows, surface water temperatures, and their impacts on
aquatic biota (Chapters 4 and 8)? 

• How do variability and change in the water cycle affect riparian and
estuarine environments in the United States (Chapters 6 and 8)?

• How might water cycle variability and change affect the spread
of vector-mediated disease (Chapters 4, 6, and 8)?

Research Needs
Overall, there is a basic need to develop an integrated research
vision (complete with hypotheses) for addressing multiple-process
(hydrological, physical, chemical, and ecological) interactions
between water and other Earth systems.Techniques that scale up
processes active at watershed and sub-watershed scales to larger
scales must be developed and tested. In addition, it is necessary to
refine geophysical methods and the use of tracers, including isotopes,
to determine subsurface paths, flow rates, and residence times, and
to track pollution plumes. Experimental watersheds are needed to
develop an understanding of these processes. Information on trends

Question 5.5: How can global water cycle
information be used to inform decision processes in
the context of changing water resource conditions
and policies?
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decisionmakers dealing with climate-sensitive issues (see Figure 5-6).
Whether the water cycle is changing as a result of human activities
or natural low-frequency variation, human societies will have to
adapt, and focused scientific information must be provided to support
their choices.The growing economic and social costs of extreme
events indicate that there is need for improved responses to these
disruptions, whether or not their frequency and intensity are changing.
Currently, climate forecasts are often temporally or spatially too
coarse to be of use for many water-dependent decision processes. In
addition, factors such as regulatory inflexibility, institutional structures,
and time pressures make it difficult to change established management
and decision systems. Interactions between decisionmakers and
research scientists are needed to make mutual adjustments as
appropriate to match scientific information with decision processes.
Efforts to eliminate the barriers between researchers and research
users have been initiated and indicate that early collaboration and side-
by-side demonstrations may be effective tools for speeding innovation.

Illustrative Research Questions
• How could climate variability and change potentially alter the

effectiveness of current and future water management practices
and their feedbacks on the climate (Chapter 9)?

• What are the consequences of demographic and land-use trends
on groundwater and surface water supplies domestically and
globally (Chapters 6 and 9)?

• What are effective means for transferring stochastic water cycle
research products (e.g., hydro-climatological predictions,
projections, and associated uncertainties) into the management,

planning, and design of water decision systems and infrastructure
(Chapters 9 and 11)?

• How can advance knowledge of water availability be used to
manage conflicting demands on domestic and transboundary
water resources for water consumption, ecological functions,
industrial uses, and transport (Chapter 9)?

• How can changes in the quality and quantity of water flowing
within riparian and coastal environments arising from land
management and policy decisions affect the provision of
ecosystem services (Chapters 8 and 9)?

• How have water consumption patterns and trends changed as a
result of major climatic events, technological innovation, and
economic conditions, and how are they likely to change as a result
of projected changes in the same factors (Chapters 9 and 11)?

• What are the trends in agricultural, industrial, municipal, and
instream water uses, and what implications do they have for
adaptation strategies (Chapters 6, 8, and 9)?

• What are the economic implications of strategies for the
application of improved capabilities to predict seasonal water
cycle variability and change (Chapters 9 and 11)?

Research Needs
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
decisionmaking processes. In order to make rapid progress it will
be necessary to integrate data from a broad range of sources and
disciplines. A basic requirement for achieving this goal is the
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Figure 5-6: Schematic of the
flow of data and information
between land surface models,
numerical forecasting products,
and decision support systems
used by water managers to
operate reservoirs and river
systems. Improved forecasts
and data assimilation systems
from water cycle research will
lead to more equitable and
sustainable management of
precious water resources.
Improved forecasts will lead to
enhanced river system
management, and increased
water storage and efficient
hydropower generation, while
preserving flood control space.
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development of frameworks for integrating the natural and social
science information necessary for multiple-objective decisionmaking.
Inputs should include research in remote sensing, uncertainty of
predictions, data management for decision support, risk management,
economic impact assessments, and water and environmental law,
among many others.

An ability to assess the consequences of both historic and potential
future water development paths is needed for assessing trends and
variability in water resources. In addition, to determine patterns
and trends, it will be necessary to inventory existing data sources
and regional and sectoral studies, especially for data for which
regional, national, and global repositories are rare or non-existent
(e.g., water demand, diversion, use, and consumption). An
integrated data system for collection, storage, and retrieval of these
data would enhance national capacities for evaluating policy and
decision options.

Milestones, Products, and Payoffs
A number of the following milestones, products, and payoffs will be
developed in collaboration with the Decision Support Resources
element.
• An experimental surface and subsurface moisture monitoring

product for land resource management (e.g., fires or agriculture)
[less than 2 years].

• An experimental online decision support tool designed to provide
users with streamflow conditions and their accompanying
probabilities in the Pacific Northwest arising from near- and
far-term future climate predictions and projections [less than
2 years].

• Refinements of web-based tools that improve the communication
and usability of climate/water forecasts [less than 2 years].These
developments will contribute to Human Contributions and
Responses research element analyses of techniques for
communicating and disseminating climate forecasts.

• Transfer to operations of capabilities to produce improved
stochastic operational streamflow forecasts over a range of
spatial and temporal scales (days, weeks, months, and seasons)
to support water management decisions [2-4 years].

• Development of an ensemble forecast system to predict snowpack,
streamflow, and reservoir storage over the western United
States, based on information about global climate teleconnections,
for lead times ranging from several weeks to 1 year for
operational purposes, and from decades to a century for water
resource planning [2-4 years].

• Demonstration of system simulation and forecasts 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 [2-4 years].

• Assessment reports on the status and trends of water flows,
water uses, and storage changes for use in analyses of water
availability [2-4 years].

• Integrated models of total water consumption for incorporation
into decision support tools that identify water-scarce regions
and efficient water use strategies [beyond 4 years].The Human
Contributions and Responses research element will supply inputs
on the effects of climate on human drivers of water demand.

As indicated throughout this chapter, the Water Cycle research
element will have strong ties to many of the other components of
the CCSP. It will also contribute to water initiatives that may be
forthcoming from the newly formed Subcommittee on Water
Availability and Quality (SWAQ) and the hydrologic aspects of the
U.S.Weather Research Program.

The Water Cycle research element has strong links to the World
Climate Research Programme (WCRP) and its Global Energy and
Water Cycle Experiment (GEWEX). In particular, the activities
outlined in this chapter will use data sets from the Coordinated
Enhanced Observing Period (CEOP) in model development.The
Water Resources Applications Project (WRAP) will provide a
framework for studies to assess the benefits of improved hydrological
forecasts in decisionmaking.The Earth System Science Partnership’s
Global Water System Project will be a partner for studies of the
feedbacks of water management practices and infrastructure to
regional and global climate.Water cycle observational issues will
form the basis for activities under the water cycle theme of the
International Global Observing Strategy (IGOS) Partnership and
related observational activities, namely the Global Climate
Observing System (GCOS), the Global Ocean Observing System
(GOOS), and the Global Terrestrial Observing System (GTOS).
Improved coordination of terrestrial observations is a critical need of
the Water Cycle research element that will be addressed at the
international level in the IGOS Water Cycle theme report.The
Water Cycle research element also has developed strong linkages
with the Hydrology and Water Resources Programme of the World
Meteorological Organization (WMO), the International Hydrology
Programme of the United
Nations Educational,
Scientific and Cultural
Organization
(UNESCO), and the
joint UNESCO/WMO
Hydrology for
Environment, Life, and
Policy (HELP) initiative.
Water Cycle efforts
also will contribute to
observational programs
and research developed
through bilateral
treaties, particularly
with countries such as
Japan that have placed
a priority on water
cycle research, and
with Canada through
the International Joint
Commission, the Great
Lakes Commission,
and the Great Lakes
Environmental
Research Laboratory.
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Land-use and land-cover are linked to climate and weather
in complex ways. Key links between changes in land cover
and climate include the exchange of greenhouse gases
(such as water vapor, carbon dioxide, methane, and nitrous
oxide) between the land surface and the atmosphere, the
radiation (both solar and longwave) balance of the land
surface, the exchange of sensible heat between the land
surface and the atmosphere, and the roughness of the land
surface and its uptake of momentum from the atmosphere.
Because of these strong links between land cover and
climate, changes in land use and land cover can be
important contributors to climate change and variability.
Moreover, reconstructions of past land-cover changes and
projections of possible future land-cover changes are
needed to understand past climate changes and to project
possible future climate changes; land-cover characteristics
are important inputs to climate models. In addition,
changes in land use and land cover, especially when
coupled with climate variability and change, are likely to
affect ecosystems and the many important goods and
services that they provide to society.The National
Research Council recently identified land-use dynamics as
one of the grand challenges for environmental research
(NRC, 2001b).

Determining the effects of land-use and land-cover change on the
Earth system depends on an understanding of past land-use practices,
current land-use and land-cover patterns, and projections of future
land use and cover, as affected by human institutions, population
size and distribution, economic development, technology, and other
factors.The combination of climate and land-use change may have
profound effects on the habitability of Earth in more significant ways
than either acting alone.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 variability alters land-use
practices differently in different parts of the world, highlighting
differences in regional and national vulnerability and resilience.

The interaction between land use and climate variability and change
is poorly 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 decisions, and
the ways that decisions are affected by a changing climate and
increasing climate variability are priority areas for research.

In addition to being a driver of Earth system processes affecting the
climate, carbon cycle, and ecosystems, land-use and land-cover
change is a global change in its own right, requiring its own research

Land-Use/Land-Cover Change6
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foundation. Key issues to be addressed by this research element
include the spatial and temporal dynamics of land-use change, the
role of fragmentation and degradation, the role of multiple drivers,
the role of institutions, and the interactions among drivers and
types of land-use change.

This research element provides the scientific underpinning for land-
use decisionmaking and projections of future land use, and has
substantial benefits beyond climate change assessment and mitigation
by supporting a wide array of issues important to users of this
information.To meet multiple objectives, the land-use and land-cover
change research element will address two overarching questions:
• What processes determine the temporal and spatial distributions

of land cover and land use at local, regional, and global scales,
and how and how well can land use and land cover be projected
over time scales of 5-50 years?

• How may changes in land use, management, and cover affect
local, regional, and global environmental and socioeconomic
conditions, including economic welfare and human health, taking
into consideration socioeconomic factors and potential
technological change?

To address these overarching questions, a focused, integrated
research agenda is required that includes process studies, systematic
observations, modeling and prediction, retrospective studies,
research on impacts, and regional science networks and assessments.
In addition, research collaboration with other program elements
will 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, water, and
carbon cycles. Answers to the overarching questions will require
research focused on the five specific questions posed in this chapter.

State of Knowledge
During the previous decade, significant progress was made in
planning and launching satellites with instruments suited for Earth
observation. In addition, a number of national- to global-scale
experimental land-cover databases were developed that led to
increased use of land cover in climate and carbon cycle models.
Methodological advancements were also made. As a result, there is
an improved capability for and strong reliance on remote-sensing
and land-cover databases for multi-scale environmental studies.The
research and development associated with this question involves the
continuation of, and improvements in, data collection systems and
data products.This will provide new information leading to regular
updates of land-cover databases at scales relevant for issues ranging
from local resource management to global-scale analyses.

While remote sensing provides quick and comparatively inexpensive
information about land-cover changes over large areas, land-cover
database improvements will require integration of data from
ground-based networks (see Figure 6-2).These networks offer a
wealth of historical data (often with data records extending back
50-100 years), and can provide detailed site information (e.g., primary
production, species composition, habitat quality, wildlife population
statistics, soil type, tillage and crop rotation history, and land-use
classifications). Integrating ground-based and remote-sensing data
collection systems provides an opportunity to vastly improve the
speed and quality of land-use and land-cover data for use in applied
research. Much of our understanding of land-use and land-cover
change has built up from individual case studies, using both remote
sensing and ground-based data, and we will continue to rely on case
studies as a means to gain required knowledge.

Illustrative Research Questions 
• 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 global, regional,
and national scales? 

• What are the methodological advances needed to improve land-
use and land-cover change analyses, including strategies for
integrating ground-based data, socioeconomic statistics (e.g.,
census information), and remotely sensed measurements?

• What are the historical and current patterns and attributes of
land use and land cover at national to global scales that affect the
carbon cycle, atmospheric processes, and ecosystem structure
and function?

• What are the national and global rates, patterns, and characteristics
of contemporary land-use and land-cover change?

• Where are the current areas of rapid land-use and land-cover
change at national and global scales?

Research Needs
Evolving public and private land management questions call for
new data and information and improved scientific bases for
decisionmaking.They also require long-term continuity in data
collection, and the acquisition of data at the global scale.
Coordination and prioritization of the specific land-use and land-
cover change data requirements with the Observing and Monitoring
research element is imperative. Methods and procedures now exist
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Figure 6-1: Land use: strip cropping and woodlots in Leelanau County,
Michigan. Source: USDA NRCS (photo by Lynn Betts, 2001).

Question 6.1:What tools or methods are needed to
better characterize historic and current land use and
land cover attributes and dynamics?
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to make routine global observations of land cover, but there is
currently no operational program.With the current suite of satellite
sensing systems and archived data sets available to the research
community, studies at the large spatial scales needed to depict land-
cover and management changes can begin.

While considerable progress has been made in mapping land-cover
characteristics, the ability to accurately map the wide range of
landscape attributes, including land use and biomass, will require a
considerable research effort. Coordination of existing in situ data
collection efforts, and the retrieval, analysis, and integration of
historical data are needed to extend the usefulness of existing data
and to enrich and standardize data attributes in future data collection
and use. In addition, improvements in remotely sensed data quality
and in automated algorithms for detection of local land-cover
changes and their characteristics are needed. Data integration will
be particularly important so that in situ, remotely sensed, and other
forms of data can be merged and used to derive the needed land-
use and land-cover information. As scientific demands and needs for

land-use and land-cover information change, parallel innovation in
the resulting data products will be essential.

Milestones, Products, and Payoffs 
• National land-cover database for the United States that includes

attributes of land cover and vegetation canopy characteristics [less
than 2 years].This product is a required model input needed by the
Carbon Cycle,Water Cycle, and Ecosystems research elements.

• Continued acquisition of global calibrated coarse-, moderate-,
and high-resolution remotely sensed data [ongoing].

• Global moderate-resolution land-cover database with attributes
required for parameterization of climate, carbon cycle, and
ecosystem models [less than 2 years]. Parameter specifications
must be coordinated with the Climate Variability and Change
research element.

• Global maps of areas of rapid land-use and land-cover change
and location and extent of fires [less than 2 years].

• Quantification of rates of regional, national, and global land-use
and land-cover change [regional, less than 2 years; national, 2-4
years; global, beyond 4 years].This product is a required model
input needed by the Carbon Cycle,Water Cycle, and
Ecosystems research elements.

• Integrated land-use and land-cover change detection strategies
and operational prototypes of detection systems that enable
accurate and cost-effective detection of local to global changes
[less than 2 years].

• Global high-resolution satellite remotely sensed data and land-
cover databases with attributes required for national to global
scale applications [beyond 4 years].

• Global and national land-use history maps spanning the period
from the industrial revolution to the present (300 years).This
product is required by the Carbon Cycle and Ecosystems
research elements [beyond 4 years].

• Operational global monitoring of land-use and land-cover
conditions [beyond 4 years].This product will be used by several
other research elements including Carbon Cycle, Ecosystems,
and Climate Variability and Change.

• Analysis of the global occurrence, extent, and impact of major
disturbances (e.g., fire, insects, drought, and flooding) on land
use and land cover [beyond 4 years]. Input on the frequency of
drought and flooding will be sought from the Climate Variability
and Change research element.

State of Knowledge
The ability to forecast land-use and land-cover change and, ultimately,
to predict the consequences of change, will depend on our ability to
understand the past, current, and future drivers of land-use and
land-cover change.These factors as well as other emerging social and
political factors may have significant effects on future land use and
cover. Patterns of land use, land-cover change, and land management
are shaped by the interaction of economic, environmental, social,
political, and technological forces on local to global scales (see, for
example, Figure 6-3).
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Figure 6-2: Forest cover increase and abandonment of marginal agricultural
lands in Grand Traverse County, Michigan. The left image illustrates land-
use change by parcel interpreted from aerial photographs. Green colors
are forest, beige/yellow agriculture, and pink residential development. The
right image is forest cover from Landsat satellite images. Green is forest
and light yellow is not forest. Source: School of Natural Resources and
Environment, University of Michigan. For more information, see Annex C.

Question 6.2:What are the primary drivers of
land-use and land-cover change?
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An improved understanding of historical land-use and land-cover
patterns provides a means to evaluate complex causes and responses
in order to better project future trends of human activities and
land-use and land-cover change.We must understand the primary
modern and future drivers of land use and their interrelationship
with land management decisions and resource policies to develop
projections of future land-use and management decision outcomes
under a range of economic, environmental, and social scenarios.
This ability will allow better projections and hopefully minimize
negative impacts, especially as related to climate change.This type
of analysis will require the integration of various disciplines from
the physical and social sciences.

Illustrative Research Questions
• What are the primary historic and contemporary natural and

human drivers of land-use and land-cover change and what will
they be in the future? 

• What has been the historical relationship between land use and
land management systems and how will the relationship change
through the next few decades?

• What are the most significant drivers of land-use and land-cover
change? 

• How have and will the driving forces of change affect(ed) land
use and cover at different scales (i.e., local, regional, and global)

and where are there opportunities for managing land-use change
to minimize negative impacts and maximize positive outcomes?

• How, and to what extent, do extreme events (e.g., natural
disasters, public health emergencies, and war) affect land-use
and land-cover change and vice versa?

• How will environmental, institutional, political, technological,
demographic, and economic processes determine the temporal
and spatial distribution of land use and land cover over the next
few decades?

Research Needs
An innovative approach is needed to quantify, understand, model, and
project natural and human drivers of land-use and land-cover change.
Research is needed to understand and project the interactions of
economic, social, and environmental choices on land use and
management policies and decisions. New techniques and tools that
integrate understanding of human behavior, opportunities,
consequences, and alternatives are needed for improved
decisionmaking and policymaking.There must be close collaboration
with the Human Contributions and Responses research element to
understand the social and economic drivers that affect human choices.

Improvements are needed in process models of land-use and land-
cover change dynamics in space and time, combining field-level case
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Figure 6-3: Land-cover
change in eastern U.S.
ecosystems, 1973-2000. An
analysis of land-use and land-
cover change in the eastern
United States provides
evidence of distinctive regional
variation in the rates and
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studies for analysis of processes and management systems, statistical
studies for large regions, and empirical analyses using remote sensing
at local scales.This process-level understanding of land-use and
land-cover dynamics and interactions with socioeconomic and
biophysical factors will aid the analysis of land-use and land-cover
change across scales.Work is needed to understand the interactions
between agents or causes of land-use change and climate change and
variability.

Milestones, Products, and Payoffs 
• Summary of the historical and contemporary regional driving

forces of land-use and land-cover change [United States, less
than 2 years; global, beyond 4 years].This product is needed by
the Ecosystems research element.

• Understand how primary drivers of land use and land management
decisions are likely to change over the next few decades [United
States, 2-4 years; global beyond 4 years].

• Quantify and project possible drivers of land-use change for a
range of economic, environmental, and social values [beyond 4
years].This product is needed by the Ecosystems and Carbon
Cycle research elements.

State of Knowledge
To understand the historical, contemporary, and future linkages
between land-use and land-cover change and its resulting effects on

biogeochemical cycles, climate, ecosystem health, 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 anecdotal or very local nature of past research in this
area. Future understanding of land-use and land-cover changes will
be greatly improved through new systematic methods and study
designs for land-use change research.To understand the forces of
change that operate at different scales, it will be necessary to conduct
studies that explicitly reveal the local and regional variations in land-
use and land-cover changes.With this, the historical and contemporary
data needed to develop models that project land use and land cover
for specific intervals into the future will be produced.

Illustrative Research Questions 
• What are the major feedbacks and interactions between climatic,

socioeconomic, and ecological influences on changes in land use
and land management? 

• What spatial and temporal level of information and modeling
are needed to project land use and land management and its
impacts on the Earth system at regional, national, and global
scales?

• Given specific climate, demographic, and socioeconomic
projections, what is the current level of skill and what are the
key sources of uncertainty and major sensitivities in projecting
characteristics of land-use and land-cover change 5 to 50 years
into the future?

Research Needs
A new suite of models that combine climatic, socioeconomic, and
ecological data to model projected changes at scales that are relevant
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Question 6.3:What will land-use and land-cover
patterns and characteristics be 5 to 50 years into the
future?

1994 Land Use Projected Land Use

Commercial/Industrial
High-Density Residential
Medium-Density Residential
Low-Density Residential
Undeveloped
Protected
Highway
Major Road

Central Maryland Region
(shaded area)

Figure 6-4: The map on the
left shows actual land use in
the seven-county area of
central Maryland in 1994,
while the map on the right is
the predicted distribution of
land-use types based on a
‘polycentric’ city model. There
is remarkable similarity
between the two maps in
commercial, high, and medium
densities, but disagreement
in the low-density residential
category. Models with
improved projections of this
fragmented, low-density
residential development—
which consumes a
disproportionate amount of
open space and causes high
public service costs—will
better support decisionmaking
regarding this type of
development. Source: Nancy
Bockstael, University of
Maryland. For more
information, see Annex C
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to resource management and to those relevant for global assessments
is needed.This need for predictive models calls for a better
understanding of the drivers of land-use change, characterization/
parameterization of land-use elements, and credible predictions of
land cover and land use at annual to decadal time scales.
Partnerships are needed with state and regional assessment and
research efforts, to ensure comparability between national/global
and state/regional models. Integration among the Carbon Cycle,
Ecosystems, and Human Contributions and Responses research
elements will be needed to develop and test models for generating
scenarios of land-use and land-cover change, and for making
projections of change that take into account the various influences
of ecosystem functioning, carbon, water, and energy cycling as well
as human-managed systems. Model validation will be a particularly
challenging element of this research area. Simulation of past
conditions will be a necessary strategy for testing the performance
of models, placing more significance on the need to understand
land-use and land-cover change in both historical and contemporary
contexts.

Milestones, Products, and Payoffs 
• Single-sector (e.g., urban, suburban, agriculture, forest, etc.)

change models [prototypes for selected sectors, less than 2
years; operational models for selected sectors, 2-4 years;
operational models for all sectors, beyond 4 years].

• Identification and integration of components of land-use and
land-cover change models [regional, less than 2 years; national,
2-4 years; global beyond 4 years].

• Development of regional, national, and global land-use and
land-cover change projection models, incorporating advances in
understanding of drivers [regional, less than 2 years; national,
2-4 years; global beyond 4 years].This product will be used by
the Climate Variability and Change,Water Cycle, Carbon Cycle,
Ecosystems, and Human Contributions and Responses research
elements.

State of Knowledge
Land-use and land-cover change is linked in complex and interactive
ways to global climate change, and the feedback between the two
exists at multiple spatial and temporal scales. Changes in greenhouse
gas emissions, albedo, and surface roughness are the primary
mechanisms by which land-use and land-cover change affect climate.
Climate variability and change, in turn, can affect the land cover of
a given area and the ways in which land is used. Some of the impacts
of these feedbacks are local while others have global ramifications.
For example, trace gas emissions and removals by sinks depend
strongly on land cover and land-use practices (see, for example,
Figure 6-5), while the deposition of atmospheric constituents affects
the potential rate and magnitude of terrestrial sinks.

Illustrative Research Questions 
• What are the critical land uses and landscape variables that affect

climate?
• What can we learn about the relationship between climate and

land cover from studies of the past?
• How do climate variability and extreme events affect land use

and land cover?
• How will climate and land use/cover influence each other in the

future?

Research Needs
Simulation of climate-land use/cover feedbacks will require
advancement of current understanding of multiple stress processes
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Question 6.4: How do climate variability and
change affect land use and land cover, and what are
the potential feedbacks of changes in land use and
land cover to climate?
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Figure 6-5: Increasing atmospheric carbon dioxide, climatic variation, and fire disturbance play substantial roles in the historical carbon dynamics of Alaska.
Analyses of stand-age distribution in Alaska indicate that fire has likely become less frequent compared to the first half of the 20th century. Application of the
Terrestrial Ecosystem Model indicates that regrowth under a less frequent fire regime leads to substantial carbon storage in the state between 1980 and 1989.
Source: David McGuire and Dave Verbyla, University of Alaska, Fairbanks. For more information, see Annex C.
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at local to global scales.We need to identify past changes in land use
and land cover that are attributable to changes in climate, in order
to project future changes in land use and land cover that could
result from changes in climate.Validation of the interacting climate-
land use effects for specific regions of the globe will be particularly
challenging. Inputs will be needed from the Climate Variability and
Change,Water Cycle, and Carbon Cycle research elements.
International cooperation will be needed to optimize the currently
existing and emerging observational networks.

Milestones, Products, and Payoffs 
• Analysis of existing databases and theories about climate-related

processes that affect land-use change, including uncertainty
analysis [less than 2 years].

• Evaluation of how the type and distribution of land cover affects
regional weather and climate patterns [less than 2 years].
Collaborative research with the Climate Variability and Change
research element will be necessary.

• Sensitivity studies addressing how land-use and land-cover related
changes in surface albedo, greenhouse gas fluxes, and particulates
affect climate (such data will be given to the Climate Variability
and Change research element) [2-4 years].This investigation will
involve collaboration with the Carbon Cycle and Climate
Variability and Change research elements.

• Report on the effects of land-use and land-cover changes on
local carbon dynamics.The report will discuss implications for
sources and sinks of terrestrial carbon and the overall carbon
budget and will be developed in collaboration with the Carbon
Cycle and Climate Variability and Change research elements
[2-4 years].

• Reports on the effects of land use and land cover on mitigation
and management of greenhouse gases [beyond 4 years]. Data on
greenhouse gas concentrations and history will be needed from
the Carbon Cycle research element.

• Report on past trends in land cover or land use attributable to
changes in climate (e.g., changes in forest type, changes in specific
agricultural crops, or changes in the presence or absence of
agriculture) [beyond 4 years]. Input will be needed from the
Climate Variability and Change research element.

• Report on projected trends in land cover or land uses that are
attributable to changes in climate (e.g., changes in forest type,
changes in specific agricultural crops, or changes in the presence
or absence of agriculture) [beyond 4 years].

• National and global models with a coupled climate-land use system
[beyond 4 years].This will be a collaborative task conducted
with the Climate Variability and Change research element.

State of Knowledge
There is clear evidence that changing land use and land cover has
significant impacts on local environmental conditions and economic
and social welfare. For example, the water cycle depends heavily on

vegetation, surface characteristics, soil properties, and water
resources development by humans (e.g., dam construction, irrigation,
channeling, and drainage of wetlands) which in turn affects water
availability and quality. Land-use and land-cover change, climate
variability and change, soil degradation, and other environmental
changes all interact to affect natural resources through their effects on
ecosystem structure and functioning. In turn, ecological systems may
respond unexpectedly when exposed to two or more perturbations.
The following research questions address the effects of changes in
land use and land cover on other research elements (i.e., Ecosystems,
Water Cycle, Carbon Cycle, Human Contributions and Responses).

Illustrative Research Questions 
• How will different scenarios of land-use change stress or

enhance the productivity of our natural resource base and the
industries that depend on it, including agriculture and forestry? 

• How will land-use and land-cover changes affect the form and
functioning of ecosystems, including the ability to provide
essential goods and services and levels of ecosystem biodiversity,
and what are the ecological, economic, public health, and social
benefits and costs of the changes?

• What are the impacts of future land-use and land-cover change
on water quality and quantity (research will be undertaken with
the Water Cycle research element)?

• Using focused case studies, how can landholders, land managers,
and decisionmakers formulate land use and land management
decisions and practices at various scales in order to mitigate
negative impacts of, and take advantage of any new opportunities
due to, climate change?

Research Needs
The other Climate Change Science Program research elements
provide complementary information about the environmental and
biophysical forces that influence potential land uses (e.g., atmospheric
chemistry and processes, climate variability and change, water
resources, nutrient flows, and ecological processes) and the
anthropogenic pressures that will give rise to various land uses and
processes (e.g., the Human Contributions and Responses research
element). Development of coupled climate-land use/cover models
that incorporate socioeconomic factors and ecosystem function
should be accelerated.The challenge will be to use contemporary
impacts of land-use and land-cover change to calibrate impacts on
ecosystem goods and services; biogeochemical, water, and energy
cycles; and climate processes. Research will require multidisciplinary
cooperation to develop land-use and land-cover projections that
address the necessary spatial and temporal scales, and include the
necessary physical, biological, and social factors of interest, to ensure
that projections of land use and land cover can be incorporated into
models of impacts.

Milestones, Products, and Payoffs 
• Report on the social, economic, and ecological impacts of

urbanization on other land uses [less than 2 years].This product
will be used by the Ecosystems and Human Contributions and
Responses research elements.

• Report on the social, economic, and ecological impacts of different
scenarios of land-use change on agriculture, grazing, and
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Question 6.5:What are the environmental, social,
economic, and human health consequences of current
and potential land-use and land-cover change over
the next 5 to 50 years?
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forestry [2-4 years].This product will be used by the Ecosystems
and Human Contributions and Responses research elements.

• Assessment of the impacts of different scenarios of urban and
agricultural expansion on natural (terrestrial and aquatic) systems
[2-4 years].This product will be used by the Ecosystems
research element.

• Reports on the relationship between land-use and land-cover
change and human health [2-4 years].This product will be used
by the Human Contributions and Responses research element.

• Identification of the regions in the United States where land use
and climate change may have the most significant implications
for land management [2-4 years].This product will be used by
the Human Contributions and Responses research element.

• Report on the regional and national impacts of different scenarios
of land use and land cover on water quality and quantity,
conducted with the Water Cycle research element [regional,
2-4 years; national, beyond 4 years].

• Report on land management options associated with different
climate change scenarios [beyond 4 years].This product will be
used by the Human Contributions and Responses research
element.

Nationally, several programs have identified land-use and land-cover
change as part of their individual agency research agendas (e.g., the
National Aeronautics and Space Administration, the U.S. Geological
Survey, the National Science Foundation, the U.S. Environmental
Protection Agency, and the U.S. Department of Agriculture) and
have played an active role in developing this research element. It will
be important as the program proceeds to engage multiple agencies
and organizations working in this and related fields (e.g., the
National Institutes of Health, the Department of Transportation, the
Bureau of Land Management, and the U.S. Agency for International
Development). In the next decade of global change research, it will
be particularly important to include stakeholders (e.g., the National
Governors Association, non-governmental organizations, and state
and local land managers) in guiding this research element.

Global change research is strengthened through international
partnerships. In the next 10 years, the establishment of international
land-use and land-cover science programs will augment ongoing
efforts such as the International Geosphere-Biosphere Programme
to help bridge the gap between climate change researchers, land
managers, and decisionmakers. For example, the Global
Observation of Forest Cover and Global Observations of Land
Cover Dynamics (GOFC-GOLD) is a new program and part of the
Integrated Global Observing System (IGOS) for coordinating global
land observations. GOFC-GOLD is implemented through regional
networks of data providers and users to address a combination of
global change and natural resource management questions, and
engages local scientists with local and regional expertise and
knowledge. Regional 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
comparative analysis.

Another example is the United Nations Land Cover Network—an
emerging cooperative activity of the Food and Agriculture
Organization (FAO) and the United Nations Environment
Programme (UNEP) to develop monitoring and measurement of
land-cover change in support of their global environmental outlooks
and assessments (e.g., the Millennium Ecosystem Assessment). In
addition to these activities, development agencies are attempting to
address questions concerning the societal impacts of global change
through new programs such as the U.S. Agency for International
Development’s Geographic Information and Sustainable
Development program. Such programs can help in strengthening
the scientific underpinning for the decisionmaking process.

To facilitate the U.S. science community achieving broad science
and societal objectives in global land-use and land-cover research,
international partnerships are being formed for regional studies of
global importance. For example, during the last 10 years, studies of
the Amazon have been conducted in the framework of the Large-
Scale Biosphere-Atmosphere Experiment in Amazonia (LBA), a
cooperative international project led by Brazil. Created through an
international cooperative agreement, LBA has important institutional
relations, including ties with over 40 Brazilian institutions, 25
institutions from various Amazonian countries, as well as institutions
from the United States and eight European nations.The LBA project
is expected to continue for at least 3 years.

During the next 3-5 years, the Northern Eurasia Earth Science
Partnership Initiative (NEESPI) will produce a large-scale
interdisciplinary program of research aimed at developing a better
understanding of the interactions between ecosystems, the
atmosphere, and human dynamics in northern Eurasia.This region,
representing a quarter of the world’s land masses, will be studied by
U.S. scientists in partnership with scientists from northern Eurasia
to enhance scientific knowledge and develop predictive capabilities
to support informed decisionmaking with respect to land-use and
land-cover changes.
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Carbon is important 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 major
contributor to the planetary greenhouse effect and potential
climate change. Carbon dioxide (CO2) is the largest single
forcing agent of climate change, and methane (CH4) is also
a significant contributor. Atmospheric concentrations of
CO2 and CH4 have been increasing for about 2 centuries
as a result of human activities and are now higher than
they have been for over 400,000 years. Since 1750, CO2
concentrations in the atmosphere have increased by 30%
and CH4 concentrations in the atmosphere have increased
by 150%. Approximately three-quarters of present-day
anthropogenic CO2 emissions are due to fossil-fuel
combustion (plus a small amount from cement production);
land-use change accounts for the rest.The strengths of

CH4 emission sources are uncertain due to the high variability in
space and time of biospheric sources (IPCC, 2001a). Future
atmospheric concentrations of these greenhouse gases will depend
on trends and variability in natural and human-caused emissions and
the capacity of terrestrial and marine sinks to absorb and retain
carbon.The global carbon cycle is depicted in Figure 7-1.

Decisionmakers searching for options to stabilize or mitigate
concentrations of greenhouse gases in the atmosphere are faced
with two broad approaches for controlling atmospheric carbon
concentrations: (1) reduction of carbon emissions at their source,
such as through reducing fossil fuel use and cement production or
changing land use and management (e.g., reducing deforestation);
and/or (2) enhanced sequestration of carbon,either through
enhancement of biospheric carbon storage or through engineering
solutions to capture carbon and store it in repositories such as the

Carbon Cycle7 
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deep ocean or geologic formations. Enhancing carbon sequestration
is of current interest as a near-term policy option to slow the rise in
atmospheric CO2 and provide more time to develop a wider range
of viable mitigation and adaptation options. However, uncertainties
remain about how much additional carbon storage can be achieved,
the efficacy and longevity of carbon sequestration approaches,
whether they will lead to unintended environmental consequences,
and just how vulnerable or resilient the global carbon cycle is to
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. Such strategies also will require an ability to account for all
carbon stocks, fluxes, and changes and to distinguish the effects of
human actions from those of natural system variability (see Figure
7-2). Because CO2 is an essential ingredient for plant growth, it will
be essential to address the direct effects of increasing atmospheric
concentrations of CO2 on terrestrial and marine ecosystem productivity.
Breakthrough advances in techniques to observe and model the
atmospheric, terrestrial, and oceanic components of the carbon cycle
have readied the scientific community for a concerted research effort
to identify, characterize, quantify, and project the major regional carbon
sources and sinks—with North America as a near-term priority.

The overall goal for Climate Change Science Program (CCSP)
carbon cycle research is to provide critical scientific information on
the fate of carbon in the environment and how cycling of carbon
might change in the future, including the role of and implications

for societal actions. In this decade, research on the global 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? 

A well-coordinated, multidisciplinary research strategy, bringing
together a broad range of needed infrastructure, resources, and
expertise from the public and private sectors, will be essential to
answer these questions. A continuing dialogue with stakeholders,
including resource managers, policymakers, and other decisionmakers,
must be established and maintained to ensure that desired information
is provided in a useful form (NRC, 1999c).

Specific research questions that will be addressed in support of the
two overarching questions are covered in the following sections.
These six carbon cycle questions focus on research issues of high
priority and potential payoff for the next 10 years.They derive from
the program goals recommended by the research community in A
U.S. Carbon Cycle Science Plan (CCWG, 1999). Carbon cycling is an
integrated Earth system process and no one of these questions can
be addressed in isolation from the others—or without contributions
from and interactions with the other research elements of the
CCSP, the Climate Change Technology Program (CCTP), and the
international scientific community. Many of the research activities,
research needs, and milestones, products, and payoffs identified
under each question will be relevant to more than one question,
indicating a high degree of complementarity across questions.
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State of Knowledge
There is compelling evidence of a current Northern Hemisphere
extra-tropical terrestrial sink of 0.6-2.3 PgC yr-1 (IPCC, 2001a).
Recent work suggests that this sink is a result of land-use change,
including recovery of forest cleared for agriculture in the last century,
and land management practices, such as fire suppression and reduced
tillage of agricultural lands. Other studies suggest that elevated
atmospheric CO2 concentration, nitrogen deposition, changes in
growing season duration, and changes in regional rainfall patterns
also play a role. Atmospheric studies indicate that the net terrestrial
sink varies significantly from year to year (see Figure 7-3).

Current estimates of regional distributions of carbon sources and
sinks derived from atmospheric and oceanic data differ from forest
inventory and terrestrial ecosystem model estimates, but there is

growing confidence that these differences can be reconciled (IPCC,
2000a, 2001a).The Carbon Cycle science program will coordinate
the observational, experimental, analytical, and data management
activities needed to reconcile the discrepancies, to reduce the
uncertainties, and to produce a consistent result for North America
through the North American Carbon Program (NACP, 2002).When
integrated with results from corresponding international research
projects in Europe and Asia (Global Carbon Project, 2003), the
results of the NACP will contribute to locating and accurately
quantifying the Northern Hemisphere carbon sink.

Illustrative Research Questions
• What is the carbon balance of North America and adjacent

ocean basins, and how is that balance changing over time? How
large and variable are the sources and sinks, and what are the
geographic patterns of carbon fluxes?

• What are the most important mechanisms, both natural and
human-induced, 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?
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Figure 7-2: Average annual global budget of CO2 and uncertainties for 1989 to 1998 expressed in PgC yr-1. Error bounds correspond to a 90% confidence
interval. The numbers reported here are from Land Use, Land-Use Change, and Forestry, a special report of the Intergovernmental Panel on Climate Change
(IPCC, 2000a). There is compelling evidence that a large fraction of the “unidentified sink” may be accounted for by uptake in the temperate and/or boreal
zones of the terrestrial Northern Hemisphere. Source: F. Hall, Office of Global Carbon Studies, NASA Goddard Space Flight Center.
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Question 7.1:What are the magnitudes and
distributions of North American carbon sources and
sinks on seasonal to centennial time scales, and what
are the processes controlling their dynamics?
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• Are there potential “surprises,” where sources could increase or
sinks disappear?

Research Needs
Continued and enhanced NACP research will require multidisciplinary
investigations that merge observational, experimental, and modeling
approaches at various scales to produce a consistent North American
carbon balance (NACP, 2002). Observational needs include reliable
measurements of atmospheric concentrations, vertical profiles, and
transport of CO2, CH4, and related tracers (e.g., the ratio of oxygen
to nitrogen (O2/N2), CO2 isotopes); micrometeorological estimates of
net CO2 and CH4 fluxes with accompanying biometric measurements
at ecosystem and landscape scales; biomass and soil inventories of
carbon in forests, crop and grazing lands, wetlands, and unmanaged
ecosystems; monitoring of carbon transport by erosion and rivers;
and measurements of coastal ocean carbon constituents, processes,
and air-sea and land-ocean fluxes.There is a need for improved
measurement technologies and standardization of analytical methods
and reference materials.The work to secure the required observational
networks and enhancements will need to be closely coordinated with
the Climate Change Research Initiative (CCRI) plan for climate-
quality observations.

A field program, with intensive campaigns, process studies, and
remote sensing of productivity and land cover, will be conducted
initially within selected regions of the United States, and subsequently

expanded to include the entire continent. Innovative ecosystem,
inverse, and data assimilation modeling approaches will be needed to
enable comprehensive carbon accounting and improve understanding
of North American carbon stocks and flows.

Joint activities with the Water Cycle research element to measure
CO2 and water vapor fluxes and the transport of carbon and nutrients
through surface waters and wetlands will be needed to economize
on costly field measurements and share expertise. Collaboration
with the Ecosystems research element will be needed to characterize
process controls on carbon flow through plants, soils, and aquatic
systems and to conduct multi-factor manipulative experiments (i.e.,
experiments in which key environmental factors are varied under
controlled conditions) in terrestrial and marine ecosystems. Research
on human system influences, requiring inputs from the Human
Contributions and Responses research element, will be equally
important, especially in studies of emissions from fossil-fuel use; land,
animal, and waste management practices; and the effects of adaptation
actions implemented at local, state, regional, or national levels.

Milestones, Products, and Payoffs
• Improved methodologies for carbon source and sink accounting

in agriculture and forestry [2 years].This will be an important
input for the Decision Support element.

• Quantitative measures of atmospheric CO2 and CH4 concentrations
and related tracers in under-sampled locations [2-4 years].

74

Linear Average CO2 Growth Rate

Atmospheric CO2 Growth RateAnnual Fossil Fuel Emissions

1955 1966 1975 1985 1995 2005

2

4

6

8

0

P
g

 C
 y

r-
1

Year

Figure 7-3: Rate of
increase of atmospheric
CO2 and fossil-fuel
emissions. The upper curve
shows the annual global
amount of carbon added
to the atmosphere (in PgC
yr-1) in the form of CO2 by
burning coal, oil, and
natural gas. The strongly
varying curve shows the
annual rate of increase of
carbon in the atmosphere.
The difference between the
two curves represents the
total net amount of CO2
absorbed each year by the
oceans and terrestrial
ecosystems. For more
information, see Annex C.
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• Landscape-scale estimates of carbon stocks in agricultural, forest,
and range systems and unmanaged ecosystems from spatially
resolved carbon inventory and remote-sensing data [beyond 4
years].This will be an important input for the Ecosystems
research element.

• Quantitative estimates of carbon fluxes from managed and
unmanaged ecosystems in North America and surrounding
oceans, with regional specificity [beyond 4 years]. Measurement
sites will be coordinated with the Water Cycle, Ecosystems, and
Land-Use/Land-Cover Change research elements.

• Carbon cycle models customized for North America [2-4 years],
with improved physical controls and characterization of respiration
[2 years] and employing the first carbon data assimilation
approaches [2-4 years].

• Prototype State of the Carbon Cycle report focused on North
America [2 years], followed by a more comprehensive report
[beyond 4 years].This will be a valuable input for the Decision
Support element.

New data and models will provide enhanced capability for estimating
the future capacity of carbon sources and sinks and will guide full

carbon accounting on regional and continental scales.These results
are a prerequisite for planning, implementing, and monitoring carbon
management practices in North America. Decisionmakers will
receive a series of increasingly comprehensive and informative reports
about the status and trends of carbon emissions and sequestration in
North America, and their contribution to the global carbon balance,
for use in policy formulation and resource management.

State of Knowledge
The ocean is the largest of the dynamic carbon reservoirs on
decadal to millennial time scales, and ocean processes have regulated
the uptake, storage, and release of CO2 to the atmosphere over past
glacial-interglacial cycles. Globally, the ocean’s present-day net
uptake of carbon is approximately 2 PgC yr-1 (see Figure 7-4),

accounting for the removal from the
atmosphere of about 30% of fossil-fuel
emissions (IPCC, 2001a). Marine carbon
storage is jointly modulated by ocean
circulation and biogeochemistry.
Physical processes, primarily the
ventilation of surface waters and mixing
with intermediate and deep waters, have
been largely responsible for regulating
the historical uptake and storage of this
anthropogenic carbon. However,
knowledge is not yet sufficient to account
for regional, seasonal, or interannual
variations in ocean carbon uptake.

There is growing appreciation of the
importance and complexity of factors
governing the biological uptake of CO2
and subsequent export of organic carbon
to the deep sea (e.g., iron limitation,
nitrogen fixation, calcification, aquatic
community structure, subsurface re-
mineralization).The discovery that iron
is a limiting nutrient for major regions
of the world’s oceans has profound
implications for understanding controls
on ocean carbon uptake, as well as for
evaluating carbon management options.
The responses of air-sea CO2 fluxes and
marine ecosystems to daily, seasonal, and
interannual variations in nutrient supply
and climate are not well documented
outside the equatorial Pacific.

Knowledge is also lacking on the
magnitudes, locations, and mechanisms
of surface carbon export and subsequent
re-mineralization in the mesopelagic
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FY04 CCRI Priority—North
America’s Carbon Balance
Climate Change Research Initiative
research on the carbon cycle will focus
on North America’s carbon balance.This
research will reduce uncertainties related
to the buildup of CO2 and CH4 in the
atmosphere and the fraction of fossil-fuel
carbon being taken up by North
America’s ecosystems and adjacent
oceans (NRC, 2001a).This work will be
undertaken in the context of the U.S.
Global Change Research Program’s
ongoing North American Carbon
Program to quantify the magnitudes and
distributions of terrestrial, oceanic, and
atmospheric carbon sources and sinks, to
understand the processes controlling their
dynamics, and to produce a consistent
analysis of North America’s carbon
budget that explains regional and
sectoral contributions and year-to-year
variations.

The CCRI will augment monitoring
capabilities for atmospheric concentrations
of CO2, CH4, and related tracers.The
CCRI will invest in expanding and
enhancing the AmeriFlux network,
which measures net CO2 exchange

between terrestrial ecosystems and the
atmosphere, documenting how much
carbon is gained or lost on an annual
basis. New experimental studies of carbon
cycling processes in forests and soils and
new ocean carbon surveys along the
continental margins of North America
will be conducted. Development of new
in situ and remote-sensing technologies
for measuring atmospheric CO2 and CH4
and carbon in plants, soils, and the ocean
is being accelerated. New investments
in diagnostic analyses and modeling will
focus on developing innovative modeling
frameworks and model-data fusion
approaches that will bring together and
ensure synergistic uses of diverse carbon
data sets.

These CCRI investments will yield near-
term information to be summarized in a
first State of the Carbon Cycle report
focused on North America that will
provide: (1) an evaluation of our
knowledge of carbon cycle dynamics
relevant to the contributions of and
impacts on the United States, and (2)
scientific information for U.S. decision
support focused on key issues for carbon
management and policy.

GLOBAL CARBON CYCLE

BOX 7-1 

Question 7.2:What are the magnitudes and
distributions of ocean carbon sources and sinks on
seasonal to centennial time scales, and what are the
processes controlling their dynamics?

 




