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WORKSHOP ON EARTH SYSTEM OBSERVATIONS

EXECUTIVE SUMMARY

Two recent international meetings—a June 2003
G8 Heads of State meeting and a July 2003
Earth Observation Summit—have called for the
creation of an integrated Earth observing system
(IEOS). The goal is to link existing observing
systems—both in situ and from space—and to
collect new atmosphere, ocean, and terrestrial
observations to better understand the Earth
system, monitor the climate, predict environmental
changes and natural disasters, and limit their
impact. A conceptual framework for creating the
system will be developed in time for the next
Earth Observation Summit in May 2004.

To gain scientific input to this framework,
NOAA sponsored a UCAR workshop in
Washington, D.C., on August 13-15, 2003.
Leaders from the atmosphere, ocean, and
terrestrial science disciplines discussed the
observations that should be collected in an IEOS
and developed a draft outline for a plan. They
agreed that the plan should build on the large
body of reports published by national and
international organ-izations, enabling the authors
of the U.S. plan to focus on setting priorities and
determining which specific observations should
be collected and how they should be used
together to strengthen the Earth information
system (EIS). Building upon existing documents
is also necessary if the plan is to be completed in
time for the next summit.

Analysis of these reports suggests that existing
observing systems are producing an abundance
of data, although many data sets are not widely
available or have not been analyzed or used in
optimal ways. However, even if existing data

were fully analyzed, new atmosphere, ocean,
and terrestrial observations would have to be
collected over the next ten years to meet stated
scientific and operational goals. Existing and
planned satellite systems are reasonably adequate
for addressing these goals, but all three domains
require new or expanded observations, including
remote sensing systems and in situ networks to
improve geographic and temporal coverage.

In determining what variables should be
measured, a useful approach is to organize
observations by subject themes (e.g., weather),
rather than domain themes (e.g., atmosphere).
Priority themes and variables identified at the
workshop include atmospheric and oceanic
temperature, precipitation, sea level, solar output
and variability, chemical composition of the
atmosphere, carbon, ecosystem health, land use
and land cover, climate, natural hazards, and
extreme weather.

INTRODUCTION

The Earth’s atmosphere, oceans, and land
surfaces operate as an integrated system on
multiple timescales. Understanding how these
domains work, how they interact, and how they
are evolving requires observations taken from a
variety of platforms (e.g., satellite, aircraft,
balloon, ships, buoys, land stations), over long
periods of time, and from locations around the
world. Collecting these observations is an
expensive undertaking, costing more than
$875M in FY 2002 for climate-related



* paleoclimate to provide context for
interpreting climate data and helping to validate
models.

Ocean Observations

Mark Abbott noted that ocean observations are
used to study the state of the ocean (e.g., heat
content, salinity) and ocean pathways (e.g.,
circulation, air-sea fluxes). Key variables for
studying these problems include temperature,
salinity, sea level, sea state, sea ice, currents,
ocean color, CO, partial pressure, nutrients,
carbon, ocean tracers, and phytoplankton (GCOS,
2003). Requirements for measuring these
variables depend on whether the variable is
needed for short-term forecasts or for long-term
projections.

Many satellite measurements and most in situ
networks related to the ocean are research
oriented and supported. Basic satellite measure-
ments are reasonably adequate, although sustained
systematic measurements of some variables are
problematic. In situ networks are improving, but
much remains to be done. Overall, coverage in
time and space is still variable, data quality can
be a problem, some critical data sets are not
being measured adequately (e.g., sea surface
temperature and salinity, sea ice, air-sea fluxes,
ocean ecosystems), systematic sampling of the
subsurface is limited, and research results have
to be made operational (GCOS, 2003). Coastal
systems are particularly challenging to observe
because of their inherent scales of variability.

Many problems of interest to oceanographers
cannot be studied adequately using data from
existing or planned observing systems. These
include

* oceanic heat transport and its linkage to
changes in atmospheric forcing,

» ability of the ocean to exchange CO,
with the atmosphere and to sequester carbon in
deep sediments,

* role of the coastal ocean in carbon
cycling and its response to changes in terrestrial
inputs, and

* availability of food and energy resources,
especially in the coastal ocean.

To address these problems, anticipated gaps in
measurements and infrastructure will have to be
filled. Instruments that should be continued
include high-quality altimeters, scatterometers,
and synthetic aperture radar. Surface and sub-
surface networks should be expanded or created
to improve measurements of salinity, sea surface
temperature, air-sea fluxes, and sea level,
especially at high latitudes. New comprehensive
time-series stations are required, as well as new
data on chlorophyll fluorescence and coastal
zone processes. Gaps related to infrastructure
include calibration and validation
strategies—especially for ocean
color—coordinated analysis and reprocessing of
multiple data sets, new technologies for
observing pCO, and other wvariables, data
management and distribution, rescue of
historical data sets, and improved models.

Recommended expansions to the observing
system include

* wide-swath ocean altimeter as proof of
concept on Ocean Surface Topography
Missions—provide a better understanding of the
global eddy field for heat transport and
biogeochemistry studies,

* ocean vector winds—improve retrieval
under heavy rain and provide long-term
consistent data to study climate-scale processes,

* advanced ocean color sensor—provide
better estimates of ocean productivity as well as
ocean color measurements with complex atmos-
pheric aerosols (such as absorbing aerosols) and
complex in-water optical properties, such as
those found in the coastal zone,

* calibration/validation strategies for cli-
mate data records and small signals like ocean
color—provide quantitative assessments of errors
and biases, and coordinated analysis and re-
processing to help resolve ambiguities. Many
data products will require expensive in sifu data
collection programs.

* coordinated program of observations,
analysis, modeling, and reprocessing of multiple
data sets to study specific processes.

There was some discussion about why salinity
was not included on this list. The upcoming
NASA research mission (Aquarius) will measure
salinity from space. If it can be measured on
appropriate spatial scales with sufficient accuracy,
salinity could be added to the list of operational



measurements. It may also be possible to infer
salinity, if not to measure it.

Terrestrial Observations

John Townshend noted that terrestrial obser-
vations are used for a variety of purposes,
including climate prediction and assessment,
water resource management, agriculture, ecosys-
tem services, biodiversity assessment, and disaster
management. Not all terrestrial observations
should be included in an IEOS, since some are
of only local relevance. However, there are many
reasons for coordinating terrestrial observations
internationally, such as studying the impact of
terrestrial properties on climate or supporting
international agreements that depend on reliable
land cover information.

The diversity of users and the different scales at
which they need terrestrial observations make it
difficult to develop a single set of requirements.
Nevertheless, a number of reports outline
requirements for temporal resolution, spatial res-
olution, and accuracy of several key variables,
including land cover, disturbance, ecosystem
monitoring, terrestrial carbon observations, sur-
face hydrology, cryosphere, and socioeconomic
factors (see GCOS, 2003, 1997; GOFC, 1999;
GTOS, 2001, 2003; NASA, 2002; WCRP,
2003). Townshend did not address air and land
surface temperatures, surface radiation budget,
or geophysical and related hazards in his
presentation. Requirements for the first two are
well documented; determining requirements for
monitoring hazards requires a multidisciplinary
approach.

Terrestrial observations have many deficiencies
compared with atmosphere and ocean observa-
tions. For example, there are no genuinely
operational terrestrial satellites. At moderate
resolutions the MODIS satellite represents a
significant advance on AVHRR instruments, and
it will be followed by the VIIRS instrument,
which has many of the same terrestrial capabili-
ties.” At finer resolutions, satellite measurements

7 AVHRR = Advanced Very High Resolution
Radiometer; MODIS = Moderate Resolution Imaging
Spectroradiometer; VIIRS = Visible/Infrared Imager
Radiometer Suite. VIIRS will fly on the NPOESS
and NPP missions.

are much less satisfactory. Landsat is not
functioning well and SPOT-5 does not provide
the same global coverage. Moreover, there are
no active microwave instruments (e.g., synthetic
aperture radar) in the United States. Large
amounts of in situ data are collected, but the vast
majority are not available, and international
coordination is poor due to a lack of standards
and mechanisms for sharing data. Finally, there
is a great need for operational and research
products, although this situation is improving,
especially for land cover characterization at
moderate resolution and for fire monitoring.

Addressing these deficiencies will require new
instruments, a higher number and better dis-
tribution of in situ stations, and data analysis.
New instruments are needed to measure precipi-
tation, monitor fires, estimate biomass, measure
vertical structure in ecosystems, measure soil
moisture and respiration, and detect flooding
operationally. Improved in situ networks are
required to monitor ecosystems and to measure
terrestrial carbon fluxes and concentrations, net
primary productivity, discharge and runoff of
major rivers, and lake level and freeze-up.
Finally, logistical problems will have to be
overcome, such as integrating disparate types of
data (e.g., city lights data from the Defense
Meteorological Satellite Program and census
data to determine demographic changes),
dealing with fine-resolution data (e.g., to
examine disturbance from insects, drought,
floods, and wind), or combining data from many
different sites (e.g., bore holes).

Specific enhancements to the IEOS include

* Enhance capabilities in carbon cycle
monitoring by building flux towers and develop-
ing biomass sensors.

* Establish a land cover observatory, in-
cluding an operational Landsat (perhaps a cheaper
version than the one flying now) and operational
fire monitoring, and extract information from
fine- and moderate-resolution sources on a
regular basis.

* Fund the National Ecological Observa-
tory Network (NEON), and supplement the data
with vertical ecosystem structure products from
lidar and products from satellite optical sensors.

* Assemble and integrate socioeconomic
data sets, including enhancing and validating
city lights work.



* Enhance capabilities in in situ hydrolog-
ical properties

* Enhance capabilities in in situ cryo-
spheric observations.

KEY SUBJECT THEMES AND PRIORITY
VARIABLES

Workshop participants agreed that organizing
observations by atmosphere, ocean, and terrestrial
domains is an inadequate approach. Most scien-
tific and operational questions are concerned
with subject themes (e.g., weather), any of which
require observations from two or more domains.

Different approaches can be taken to define
subject themes. One approach is to extract
themes from relevant reports such as the GCOS
Second Report on the Adequacy of the Global
Observing Systems for Climate in Support of the
UNFCCC. Examples include the themes given
in Berrien Moore’s presentation. Another ap-
proach is to develop themes from overarching
questions presented in reports such as the
Strategic Plan for the Climate Change Science
Program or the IPCC Third Assessment Report:
Climate Change 2001. However, these questions
were judged to be too broad and complicated as
stated. They could be framed to emphasize
either scientific benefits, which are preferred by
the scientific community, or societal benefits,
which are preferred by the public. Societally
relevant themes include food, energy, water,
agriculture, health, and security.

The group decided to state the societal benefits
of an IEOS in the beginning of the implemen-
tation plan but to select scientific themes from
the literature. The list of potential themes is
long, but by choosing carefully it may be
possible to eliminate some potential themes. For
example, aviation and agriculture can be dealt
with in the context of a weather prediction
theme. The remaining themes could then be
prioritized, although there will be different
priorities for answering different questions. The
guiding principles for choosing and prioritizing
the themes (e.g., gaps, opportunities, importance
to society, cost) should be articulated in the
beginning of the plan.

After some debate, the group selected ten
essential themes and variables that must be

included in an IEOS (Box 2). These themes and
variables are likely to be refined (e.g., rephrased
as indicators) as the implementation plan is
developed. Some work will also have to be done
to connect the themes while avoiding duplication
and conflicting requirements.

Box 2. Key Subject Themes and Priority Variables

for an IEOS
atmospheric and oceanic temperature
precipitation
sea level

sun (solar output and variability)

chemical composition of the atmosphere

carbon

ecosystem health

land use and land cover

natural hazards (e.g., earthquakes, volcanoes,
tsunamis, landslides)

* extreme weather (e.g., hurricanes)

Next, the group developed a template of questions
to give each of the themes and variables a
common look and feel and to help identify the
specific observations that are required:

1. Is the theme or variable changing and if
so, how fast and where?

2. What factors contribute to the rate and
spatial pattern of change or to keeping it
constant?

3. What are possible projected rates and
patterns of change over the next generation (20
years)? Over the next century?

4. For short-term significant events (natural
hazards and extreme weather), what are the
factors that determine the forecast accuracy?

5. What actions should be taken to answer
the questions or reduce the uncertainties and
increase the accuracy of forecasts of key events?

* new or augmented observations

*  better access to new or retrospective
data

* augmentation of computer capacity
to process observations and create
products, such as reanalyses

e data assimilation research

* new and improved products

* user education

* others




The plan should include specific actions needed
to answer questions 1-5 by fiscal year for the
next ten years, including phasing and budget.

The template is also useful for showing decision
makers and users how the observations were
identified. Preliminary answers to these questions
for most of the subject themes and priority
variables are given as examples of this approach
in Appendix B.

The list of required observations is likely to be
long and will have to be narrowed down by
giving priority to observations that are needed to
address several themes or that are needed by
several agencies or countries. Although it may
be hard for principal investigators to resist
advocating for their particular observations,
broad communities should be able to rank their
own observations. Some observations will have
a higher priority than others, but progress will be
made on all of them. The rationale for setting
priorities is as important as which observations
are selected and should be highlighted in the plan.

IMPLEMENTATION PLAN

As noted above, the United States is developing
a national implementation plan for an IEOS.
Before proposing an outline for such a plan,
workshop participants heard presentations on the
attributes of a successful planning process and
considerations for developing a plan in nine
months. These presentations and the proposed
implementation plan outline are summarized
below.

Attributes of a Successful Planning Process

Bill Gail identified six attributes of a successful
planning process:

1. Recognize the evolving U.S. and inter-
national context. Boundary conditions such as
available budgets, roles of agencies, and
acceptable interactions with foreign partners
should be respected. Interfaces with other global
observing system elements must be identified,
defined clearly, and kept adaptable. The United
States should provide leadership but avoid
dominance.
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2. Understand the scope of the plan and
write the plan at the right level of detail. The
scope should be stated in the beginning of the
plan. The plan should be specific without being
prescriptive. Focus on planning rather than
reviewing what is wrong with the current
system. Separate planning from implementation;
let the agencies decide how to implement.

3. Develop a plan that can be implemented
with realistic resources and commitment. The plan
has to be flexible enough to be implemented in
a wide range of political and economic
environments. Estimating required resources is
always challenging; perhaps think in terms of
percentage increases rather than actual dollars.
Benefits should outweigh costs, but it is easier to
state benefits than to assign dollar costs to them.
Withee said that the amount of money that can be
spent will depend on how well the importance of
the plan is communicated. Workshop participants
agreed that the benefits of an IEOS, articulated
by science writers or other communications
experts, should be incorporated into the plan.

4. Address issues that will allow the plan
to retain value and relevance over decades. The
plan should be dynamic, with a defined process
for developing new versions. It should describe
both what the system should be today and how it
should evolve. There should be a method for
identifying long-term needs and new capabilities
with the required lead time (e.g., decisions that
require 20-year data sets must be planned at least
30 years in advance). This requires decisions
about which parts of the system should be stable
(e.g., certain variables like temperature and water
vapor must be measured for the foreseeable
future) and which parts should evolve (e.g., new
technologies for measuring the variables). The
plan should consider the role of the private
sector in the observing system (e.g., providing
observations, with government guiding metadata
development). The plan must also express how
observations will ultimately be applied to create
information.

5. Add value by introducing new elements
to the planning process, rather than simply sum-
marizing existing plans. For example, identify
critical roles and responsibilities of participating
groups or establish simple algorithms for priori-
tizing changing needs and constraints, rather
than simply defining the priorities themselves.



6. Recognize that the plan must be inspi-
rational to a wide audience. The plan should
include compelling goals and objectives and
should be expressed in a way that inspires buy-in
from audiences ranging from participating organi-
zations to Congress to the general public. Anthes
suggested that two groups might be required to
write the plan—one to develop the scientific
priorities and detailed plans and one to
communicate the vision.

The group agreed that criteria for success should
also be part of the plan. One approach is to
formulate three or four “Rosetta
stones”—essential things we must know within
20 years. Another approach is to identify ten
questions at the total system level (e.g.,
stratospheric temperature) that must be answered
and in which many countries have an interest.
The ability to answer the questions would
provide a measure of success of the IEOS.

Elements of the Plan

Rick Anthes presented the following assumptions
and assertions for developing a plan in nine
months:

* There is a compelling need for a compre-
hensive, sustained, integrated Earth Information
System for research and societal applications.

* An integrated, international Earth Obser-
ving System is the foundation of the Earth
Information System (Box 1).

* Many studies document the need for an
Earth Information System and the variables
needed for an IEOS, including resolution and
accuracy.

* The present global observing system is a
good start but needs improvements and enhance-
ments.

* The global framework is satellite remote
sensing, but in situ and ground-based remote
sensing systems are also essential. Some variables
cannot be measured by satellites, and in situ data
are needed to calibrate and validate the satellites.

* The system includes observations,
analysis/models, applications, communication net-
works, and archives.

* Users want analyses and information,
not raw observations, although this is
application-specific. In some cases, analyses do
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not exist or they are not of sufficiently high
quality.

* It is not necessary to measure every-
thing, everywhere, all the time to get everything,
everywhere, all the time. There may be a set of
core observations from which many other
important variables can be derived. For example,
the present number of radiosonde soundings per
day (~1400) may not be necessary; a smaller
number of high-quality, strategically located
radiosondes would be sufficient for calibrating
satellites. Moreover, some measurements can be
taken on a decadal basis.

* Existing and planned missions should be
supported, but every part of the present obser-
ving system need not be continued forever as it
exists today.

* New resources will be needed, although
some existing resources could be redirected
because of redundancies. These include systems
to measure rainfall, which is measured by
different groups for different reasons (e.g.,
hydrology and meteorology) and ocean color
(there are at least three overlapping instruments).
Some strategies might reduce the need for
overlapping satellite systems (e.g., calibrate low
Earth orbiters with geostationary satellites).
However, overlapping satellite systems ensure
data continuity and provide independent
measures of the same variable. Flying several
satellites concurrently may also permit the
desired resolution to be obtained without relying
on higher-performance sensors. Truly redundant
observations should presumably be cut, but
many apparent redundancies are essential cross
checks. Whether or not to cut a redundant
system will depend on whether the goal is
efficiency (cut the extra observations) or better
observations (change the way an instrument is
operated to increase its value). The rationale
should be laid out in the plan.

*  The system should evolve in an organized
way; most parts of the present system have
evolved in an ad hoc manner.

* No implementation plan for an inte-
grated Earth Information System exists.

The group agreed with these assertions and went
on to discuss outstanding issues, including
duration of the plan, goals, timing of collecting
particular observations, and community review.
The plan has to be ready by the second quarter
of 2004, which is a perfect time in the budget
cycle. Given the budget planning process, it



would be best if the plan were written for the
ten-year period 2006-2015. The Europeans also
prefer this timescale. Alternatively, the plan
could be called a decadal plan with a subtitle
about planning to 2015.

The agencies’ agendas emphasize economic
sustainability and security, which are of interest
to everyone. The plan should start with that
position, then discuss societal benefits (e.g.,
water, energy), then discuss the subject themes
and variables. This organizational structure
should prevent the perception that the plan is
intended simply to advance science.

The implementation plan should specify the
phasing of  various incremental
observations—not all of the necessary additions
will be implemented immediately. The
observational requirements and priorities must
be compared with the technology to determine
what is possible and when. The rationale for
why one observation comes before another has
to be articulated (e.g., technology, opportunity,
scientific need); it cannot be seen as a random
decision. Rules of the road (e.g., how an
instrument should be added or removed) should
also be included. The document should be a
living plan, reviewed and modified over the
years as needs and capabilities change.

The plan should have an international component
and flavor. Identifying the contributors from
other countries on big-ticket items (e.g., carbon
observatory with a few satellites, integrated
networks of ground and ocean observations)
would ensure that the plan is international.
Verification of the measurements should be
done by international groups as well as by the
United States.

Finally, the implementation plan should undergo
community review. This includes professional
society meetings (e.g., AGU in December 2003,
AMS in January 2004) and review by industry
and lobby groups representing major user
communities (e.g., health, agriculture, water).

Suggested Draft Outline

Chapter 1. Introduction (~2 pages)

Discuss in general but compelling terms the
importance of an IEOS: monitoring the health of
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the planet and preparing the planet for a long
and healthy future. Include recent quotes from
Admiral Lautenbacher and other leaders about
the need to observe, monitor, and predict. Note
that by the long-term, sustained, systematic
nature of the observation system planned, the
focus is climate, broadly defined, i.e., as stated
in “climate and related systems” in CCSP/
SGCR, 2003. However, an IEOS goes beyond
climate and includes natural disasters, weather
prediction, space weather, etc.

Chapter 2. Benefits of an IEOS (~2 pages)

A. General discussion with a few compelling
scenarios or examples showing societal benefits
of enhanced capability in theme areas such as
water resources, food, health, energy, security,
transportation, and disaster management. Refer-
ence other documents for credibility.

* questions of interest to the public

(see Box 3)

* questions of interest to policy makers

(see Box 3)

B. Themes (which follow CCSP but add
natural hazards and weather)

* climate monitoring, prediction, and
assessment; extreme climate events (droughts,
floods, prolonged hot and cold periods)

* weather prediction and warnings of
severe weather

* global water cycle (including water
pollution)

* global carbon cycle

* atmospheric composition, including
air quality monitoring and prediction

* ecosystems (managed and natural)

* land use and land cover change

* natural hazards (space weather, vol-
canoes, earthquakes)

Chapters 1 and 2 might be combined and would
probably be authored by a small group of
science writers and communication experts.
Written to capture the imagination of the non-
scientist.

Chapter 3: Development of a Plan

A. Description of the process and approach
(based largely on existing reports, with
consultation and vetting by the community, etc.)

B. Definitions (e.g., Box 1)



Public
Policy maker

Public
Policy maker

Public
Policy maker

Public
Policy maker
Public

Policy maker

Public
Policy maker

Box 3. Sample Questions of Interest to Policy Makers and the Public

What will the weather be tomorrow and for the next week?
How do we increase economic productivity and public welfare through improved daily weather
prediction?

What will the weather be like next season?
How do we increase economic productivity and public welfare through improved seasonal weather
prediction?

Is the climate changing—if so, how will it affect me?
How do we negotiate treaties and establish industrial/ technology/environmental policies that
provide the appropriate balance between cost and benefit in response to climate change?

When will natural hazards occur that might affect me and how can I prepare for them?
How do we reduce risks to life and property from natural disasters?

How can the quality and availability of my air, water, land, and food resources be ensured?
How do we manage land, air, water, and biological/food supplies to maintain a healthy and safe
environment and provide needed resources for sustainable growth?

How can you keep the weather from interrupting my travel or knocking out my power?
How do we make our critical national transportation and communications infrastructures safer and
more reliable by making them less susceptible to weather and the environment?

C. Principles/assumptions, measures of suc-
cess, criteria for setting priorities

* identified as a high priority or
requirement in previous studies

* makes a significant contribution to
more than one theme

* affordable

* ready

* complementary to other systems

* risk mitigation and independent
checks through strategic redundancy, backup

D. What this plan includes and what it
leaves out

Chapter 4: Key Subject Themes and Priority
Variables

Although many important variables contribute to
a description of the Earth system, only a few key
variables and phenomena are essential for
characterizing the state and health of the planet
and/or for forecasting more accurately to protect
life and property and to enhance the economy.
This plan focuses on strengthening the obser-
vations of these key variables and determining
how fast and why they are changing on a global
and regional basis, what these changes mean to
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society, and how to improve predictions or
create useful future scenarios with increasing
certainty.

A set of standardized questions will describe
each of these key subject themes or variables
(see Appendix B). The best current answer to the
questions will be provided, but the discussion
will focus on how to reduce the uncertainty and
revise or improve the answers with time.

Chapter 5. An Integrated Plan

Based on the analysis of the key observations in
Chapter 4, present an integrated plan, phased
over time, and with priorities implicit in the
timing. Include estimates of cost.

Chapter 6. Summary and Conclusions

Brief wrap-up in the style of Chapters 1 and 2. If
we implement this plan in partnership with the
rest of the world, we will have the following
benefits to society, etc.

Possible Additional Chapter




International data sharing is an important aspect
of an IEOS. A chapter could be added to
describe a system for sharing data (like the
Global Telecommunications System) and ways
to do it (e.g., data libraries around the world).
The chapter would also include a discussion of
data, analysis, and information stewardship.
Alternatively, international data exchange could
be added to Chapter 4.

Appendix. Bibliography

This extensive bibliography based on documents
prepared by the community obviates the need to
conduct an extensive analysis of the needs,
requirements, etc. of an IEOS. This plan is built
upon and consistent with these plans. It is only
because of this strong foundation of previous
studies, carried out by a broad community over
many years, that it is possible to develop a
scientifically based implementation plan in such
a short time.

Appendix. Review of Present EOS and Gaps

An overview of existing observing systems,
including the following characteristics and
background:

* International
* By domain (air, land, water)

* Uses and applications

* Estimated present cost of this system

* Gaps in present system

Appendix. Present National and International
Plans to Augment EOS
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Include only those plans that are reasonably
certain to be implemented. This U.S. plan con-
siders the present EOS and international plans
and builds upon them.

NEXT STEPS

Greg Withee shared the above outline with the
CENR Working Group on Earth Observations
on August 18, 2003. The agencies will now
decide whether to draft the plan themselves or to
ask others, likely including the workshop
participants, to help with it. A subset of the
group (e.g., Anthes and leaders in land, ocean,
and atmosphere) will be invited to discuss the
outline with the CENR subcommittee.

If the workshop participants are asked to
continue their work, the group may be
broadened to include experts in technology and
solid-Earth geophysics, and users who can
articulate the value of an IEOS to the nation.
The agencies may also want to participate more
in the planning and to designate a full-time
person to keep the effort going. Everyone agreed
they could devote at least ten days over the next
nine months to the task. The group would have
to delegate write-ups and reviews of the
parameters, and to meet occasionally to tie things
together. Assignments to write or critique
particular sections of the plan will be made after
an outline is approved.
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Appendix B
Example Templates: Key Subject Themes and
Priority Variables

Workshop participants developed a standard set of
questions to determine the observations required
for each of the key subject themes and priority
variables (Box 2). The following examples are
intended to illustrate the kind of specific answers
that are needed; however, an IEOS and Earth
Information System are required to confirm or
revise these preliminary answers.

ATMOSPHERIC TEMPERATURE
Global and regional, surface, troposphere,
stratosphere; city and rural
Kevin Trenberth

Is the indicator changing, and if so, how fast and
where?
Yes:

* Global surface temperatures are rising
about 0.25K/decade since mid 1970s

* Temperature rise is not uniform; some
places have cooled and some have warmed by
twice the global mean

* Cities are warming from urban heat island
effects; local heat generation, concrete jungle,
water runoff

*  Minimum temperatures are rising faster
than maxima

* Stratospheric temperatures are cooling

e  The vertical structure is complex

Trends and variability prior to the 1950s or so
are much less certain
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What factors contribute to the rate and spatial
pattern of change or to keeping it constant?

* Cloud cover has increased and is mainly
responsible for max-min rise differences
* Human influence: composition of atmo-
sphere
» warming from greenhouse gas in-
creases
» regional cooling from aerosols
» pollution is dominant in regions of
Northern Hemisphere
» effects of land cover change: cool-
ing in fall after harvest
» urban heat island effects
* Ozone depletion is the biggest factor in
stratospheric cooling, but increased CO; is also a
factor
* Stratospheric aerosols (episodic from
volcanoes) cause stratospheric warming, surface
cooling, last two years or so
* Ocean mixing/sequestration of heat
damps changes over ocean
* Mixed layer height, tropopause height
increases, provide complex vertical structure
regionally
* Land warms faster than oceans (heat
capacity, storage)
* Ice-albedo effects amplify changes locally
and globally

What are possible projected rates and patterns of
change over the next generation (20 years)?
Over the next century?

*  Global temperatures are likely to increase
at rates of 0.2 to 0.4K/decade (about 90% confi-
dence limits) with much larger changes at high




latitudes of Northern Hemisphere and over land.
Regionally some areas will not increase much,
depending on pollution. Natural variability will
also be superposed

*  Rates depend on emissions and compo-
sition of atmosphere; but, even with stabil-
ization, increases continue for decades

* Increased loss of snow cover, summer
soil moisture; sea level rise

* Increased heat waves, intensity and
duration of droughts, wildfires

What actions® should be taken to answer the
questions or reduce the uncertainties and increase
the accuracy of forecasts of key events?

* New or augmented observations

» Improve Global Surface Network
(GSN), Global Upper Air Network (GUAN)

» Add fleet of low-Earth orbiter radio
occultation measurements

» Increase paleo reconstructions, imple-
ment automatic weather station time series
at sites to determine cause of changes in
6180, when it snows, etc.

» surface heat budgets, surface fluxes

» measure ocean heat content

» measure amount of clouds, water
vapor, heat transports

» Tropical Atmosphere Ocean (TOA)
radiation

» covariability with precipitation
* Better access to old and new data
* Augmented computer capacity
* Improved data assimilation techniques
* Products (limited number of examples

provided here)

» global analyses at multiple levels

» routine state and country averages

» monitoring and communication with
public of important indicators and trends, e.g.,
reports of global temperature on evening
news with Dow Jones

» user education

Specific actions’ needed to answer questions 1-5
by fiscal year for next ten years, including
phasing and budget.

FY06: $53M

Examples of specific actions that would be in the
final plan.

Again, examples to show the level of specificity
that would be in the plan.
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* New reanalysis, comprehensive, special
attention to inhomogeneities in observational
record: ongoing activity—S$10M/yr

* Upgrade to benchmark quality GSN sur-
face temperature measurements (with aspirated
shields) including possible new locations where
local influences affect trends—$10M/yr

* Develop reference sonde (with private
sector?) to be useful for operational deployment

*  Upgrade GUAN—S$5M/yr

* Routine Observing System Experiments
(OSEs) to address changes in observing
system—S$ 1 M/yr

* Develop a network of high-elevation
temperature monitoring stations in the Americas
and Eurasia—($10m/yr)

* Deploy automated weather stations at
paleo sites—$0.5M/yr

* Recover paleo records—$2M/yr

* Reprocessing of satellite temperature
records—$ 1 M/yr

* Exploit analysis/reanalysis feedback file
on data to improve radiosonde record—3$0.5M/yr

* Implement build-up of fleet of radio
occultation measurements—S$8M/yr

* Document surface heat budget and
sources of change in surface temperature—$ 1 M/yr

* Upgrade Baseline Surface Radiation Net-
work —$2M/yr

*  Document 4D heat budget, TOA, under-
stand changes in structure—$2M/yr

* FYO07: implement high quality reference
radiosonde program—S$7M/yr

* Continue data archaeology, homogeni-
zation of data

* Improve greatly access to daily max,
min temperatures

¢ document urban heat islands; relations
with wind, cloud, radiation, sea breeze; seasonal

* Improve sea surface temperature
analyses:

» Increase surface drifter buoys

» Improve number of automated hull
sensors

» Implement VOSClim

» Increase greatly microwave sea
surface temperature observations, products

» Blended satellite/in situ products; use
model mixed layer to generate multiple
products (skin, bulk)



PRECIPITATION
Tom Karl

Is precipitation changing, and if so how fast
including its intensity, frequency, and amounts
on regional and global scales?

What factors determine (or contribute to) the
rates and spatial patterns of change?

What are the projected rates and patterns of
change in the future—next generation-20 years,

century?

What actions should be taken to answer the
questions (reduce uncertainties) (assuming the
present and planned observing system is already
in place?
New or augmented observations:

* Improve measurements of solid precipi-
tation

* Reduce aerodynamic and evaporative
losses from precipitation gauges

*  Geostationary satellite measurements with
passive microwave to measure precipitation

* Multiple satellites in low Earth orbit
with active radars and passive microwave to
measure precipitation

* Increase the rate of paleoclimate precipi-
tation sampling especially in areas subject to
deforestation or coral disease/death

* Develop a reference network of global
ocean surface stations on key islands and
moored buoys

* Upgrade the 1000 GSN precipitation
stations to benchmark stations with multiple
independent precipitation gauges and wind
screens

* Assimilate precipitation estimates in
operational analyses, greatly improve analyzed
precipitation estimates and forecasts

* Analyze moisture budgets, evaporation
and precipitation (E-P), runoff, streamflow, river
discharge, lake levels, etc. as constraints on areal
precipitation

* Operationalize routine synthesis across
the United States and in other countries of
quantitative estimates of precipitation from
Doppler radars to produce continental-scale
hourly maps. Integrate with gauge data, validate
with runoff data
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*  Exploit Doppler radar and remote sensing
estimates of precipitation globally to produce
global estimates of precipitation hourly

* Analyze hourly data into histograms,
develop statistics on frequency and intensity as
function of threshold (e.g., 1 mm/hr)

SEA LEVEL
Stan Wilson

Is it changing and if so how fast?

* +1.0 to 2.0 mm/yr with a central value
of 1.5 mm/yr over past century—IPCC estimate
based mainly on tide gauges (Church et al.,
2001)

* -0.8 to 2.2 mm/yr with a central value of
0.7 mm/yr over past century—based on the
uncertainty in the terms contributing to the IPCC
estimate (Church et al., 2001)

* Significant uncertainties exist in the
interpretation of the historical tide gauge record,
largely due to their poor spatial distribution and
their associated inability to resolve the decadal
variability in the ocean

* 2.6 +0.4 mm/yr over past decade—Ocean
Topography Experiment (TOPEX)/Poseidon (T/P)
(Cazenave and Nerem, 2003)

* Based on the few very long tide gauge
records, the average rate of sea level rise has
been larger during the 20th century than the 19th
century, but no significant acceleration in the
rate of sea level rise during the 20th century has
been detected (Church et al., 2001)

What factors determine (or contribute to) the
rates and spatial patterns of change?

* Changes in the volume of the oceans
due to thermal and haline changes, e.g., changes
in E-P and run-off

* Changes in the mass of the oceans, e.g.,
melting polar ice caps and mountain glaciers,
changes in terrestrial storage

* Vertical movement of land (e.g., post-
glacial rebound)

* Regional variability of (especially
decadal) sea level change can be ten times the
global mean

* Poor sampling of tide gauges...could
bias the global sea level rise estimates by a
factor of about two



What are the projected rates and patterns of
change in the future?

* 0.9-8.8 mm/yr over next century—based
on predictions of suite of climate models; wide
range due to uncertainty in both present rate of
sea level rise and future level of CO, emissions

* Resolution of spatial variability
(especially decadal) requires satellite altimetry;
tide gauges are insufficient to resolve it

What actions should be taken to answer the
questions (quantify and reduce the uncertainties)?

* The major sources of uncertainty are the
inadequate historical distribution of tide gauges,
particularly in the Southern Hemisphere, inad-
equate information on tide gauge datum
movements (vertical land motion from post
glacial rebound and tectonic activity), and the
short satellite altimeter record to estimate sea
level covariance functions (Church et al., 2003)

* Jason-class series of satellite
altimeters—30 years required to estimate
acceleration in rate of sea level rise as well as
resolve decadal variability in the spatial pattern
of sea level; T/P has provided a first decade of
observations

* A set of 187 of the ~300 tide gauges
composing the Global Sea Level Observing
System (GLOSS) Core Network needed to
observe long-term trends; some fraction of these
needs to be geocentrically located and report in
real time to the U. of Hawaii Sea Level Center to
calibrate the altimeters

* 3,000-float global Argo array to observe
the changes in sea level due to thermal and
haline changes in the upper ocean

* Research: Gravity Recovery and Climate
Experiment (GRACE) monthly estimates of
changes in the gravity field to monitor redis-
tribution of water mass on the Earth’s surface

* Research: Ice, Cloud, and Land Elevation
Satellite (ICESAT) estimates of the surface
topography to monitor change in volume of ice
sheets

Specific Actions needed, by FY

* FYO0S support for Jason-2—$4.2M for
operation of its ground system

* The GLOSS Group of Experts will re-
view the adequacy of its tide gauges and clarify
requirements for timely, high-frequency obser-
vations and geodetic positioning; this will be
done at its 2003 annual meeting
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* Sustained funding for Argo—most
support for Argo from outside the United States
comes via research agencies—$10M/yr

CARBON (ATMOSPHERIC CO,)
Berrien Moore

The concentration of CO; in the atmosphere is at
the highest it has been in the past 25 million
years. Current levels of CO, have increased by
30% from 280 ppm in preindustrial times to 370
ppm today, and they continue to rise. The
current rate of increase is 0.5% per year, but
with significant interannual variability.

The increasing CO, and other greenhouse gas
concentrations in the atmosphere raise concern
regarding the heat balance of the global atmo-
sphere. Specifically, the increasing concen-
trations of these gases will lead to an
intensification of the Earth’s natural greenhouse
effect. This shift in the planetary heat balance
will force the global climate system in ways
which are not well understood, given the
complex interactions and feedbacks involved.
There is a general consensus that global patterns
of temperature and precipitation will change,
though the magnitude, distribution, and timing
of these changes are far from certain. The results
of general circulation models indicate that
globally averaged surface temperatures could
increase by a wide range—as little as 1.5 and as
much as 6 degrees C in a world with an
atmospheric concentration of CO, twice that of
the preindustrial period.

Improved predictions of future CO, levels require
better quantification and process-level under-
standing of the present state of the global carbon
cycle, including both the natural components and
anthropogenic contributions. The current state of
the science, however, can neither account for the
CO,; average growth rate nor for the interannual
variations with confidence. Such overall patterns
of temporal dynamics in the carbon cycle are
important, and our understanding of their primary
drivers is limited.

At present, limitations in our current under-
standing also include an inability to pinpoint key
sink or source regions. Independent information
on spatial and temporal patterns of CO, sources
and sinks is of extraordinary value for



challenging process-based terrestrial and oceanic
carbon cycle models, and thus for our ability to
predict future CO, trajectories. Quantifying
present-day carbon sources and sinks and
understanding the underlying carbon mechanisms
are prerequisites to informed policy decisions.
This limitation is fundamental as nations seek to
develop strategies to manage carbon emissions
and to implement carbon sequestration activities.

Observational Strategy

The highest priority for the Carbon Theme for
the IEOS is to generate global, high-resolution
maps of the CO, fluxes between the Earth's
surface and the atmosphere. The fundamental
components of any carbon flux-measuring
system must be in situ and space-based
atmospheric measurements of the CO;
distribution, as the atmosphere directly reflects
the human perturbation of carbon cycle
dynamics (primarily the combustion of fossil
fuel and land use change) and is a sensitive
indicator of the exchange of carbon between the
atmosphere and the oceans and land. Satellite
measurements of atmospheric CO, distribution
will be integrated with in situ surface measure-
ments (e.g., ocean dissolved and marine boundary
layer pCO,, eddy covariance measurements of
land-atmosphere fluxes), scaled up using appro-
priate remote sensing data of surface properties
with global coverage. The surface data will be
assimilated within a modeling framework or
used to calibrate or validate the remotely sensed
observations of atmospheric CO, distribution. In
addition to mapping surface-atmosphere fluxes,
the IEOS will determine changes in the
distribution and mag-nitudes of key carbon
pools and their evolution. Measuring changes in
carbon pool sizes requires a sampling period
much longer than that required for fluxes.
Indeed, given the heterogeneous nature of most
carbon pools and the fact that anthropogenic
perturbations are generally much smaller than
the total carbon store, only changes over several
years can normally be detected.

Fluxes: Land-Atmosphere and Ocean-Atmo-
sphere

What observations are needed to reduce the
uncertainties?
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*  Satellite observation of column integrated
atmospheric CO, distribution to an accuracy of
at least 1 ppmv with synoptic global
coverage—all latitudes, all seasons

* An optimized operational network of
atmospheric in situ stations and flask sampling
sites with an accuracy of at least 0.1 ppmv

* An optimized operational network of
eddy covariance towers measuring on a continu-
ous basis the fluxes of CO,, energy, and water
vapor over land ecosystems

* A global ocean pCO, measurement sys-
tem using a coordinated combination of research
vessels, ships of opportunity, and autonomous
drifters

* Air-sea flux stations moored at ~30
representative sites globally—two broad-swath
satellite sensors capable of measuring surface
vector winds

* Barometers on the 1250 surface drifting
buoys

* Geo-referenced measurements of the
emission of CO, from fossil fuel combustion
Note: These will contribute to improved numerical
weather prediction, which in turn will provide
basic information on fluxes globally.

Additional Actions

* Develop and implement technologies for
remote sensing of CO, from space

* Develop operational carbon cycle
models, validated through rigorous tests and
driven by systematic observations that can
deliver routine diagnostics of the state of the
carbon cycle

* Enhance data harmonization and inter-
comparability, archiving, and distribution to
support model development and implementation

Carbon Storage: Land Biosphere

What observations are needed to reduce the
uncertainties?

* Statistically significant, representative
samples of forest aboveground biomass measured
at five-year intervals by in situ standardized
inventory methodologies and more frequently
with greater areal extent by active remote sensing
techniques

* Statistically significant, representative
samples of soil carbon content measured at ten-



year intervals primarily by in situ inventory
methodologies

* Land-cover change measured globally
every five years, to estimate the fluxes of carbon
associated with forest clearing and reversion of
agricultural lands to natural ecosystems

* Fire distribution and burned area extent,
to estimate the fluxes of carbon that are emitted
during fires

Additional Actions

* Improve estimate protocols of biomass
based on national inventories and/or remote
sensing observations

* Develop cost-effective, low mainte-
nance, in situ sensors for atmospheric CO,

Carbon storage: Ocean

What observations are needed to reduce the
uncertainties?

* For decadal changes in total-water-
column carbon storage, add carbon measure-
ments to the 27 cross-basin, surface-to-bottom
hydrographic sections that are inventorying heat
storage

* Accurate, robust, cost-efficient, autono-
mous instruments for surface and subsurface
sampling of carbonate system components

* Robust algorithms for estimating air-sea
gas exchange from easily measured parameters

* Satellite systems with adequate ground
truthing to obtain higher ocean coverage of sea
surface salinity and temperature, wind speed,
ocean color

* Time series that measure sinking fluxes
from sediment traps along with nutrients and
dissolved oxygen

* Large-scale measurements of dissolved
oxygen to determine changes in ocean stratifi-
cation

Note: The potential GEOTRACES program'
would address well the in situ ocean carbon
measurement requirements.

Additional Actions

* Develop cost-effective, low mainte-
nance, in situ sensors for ocean dissolved pCO,

19 <www.agu.org/meetings/os04/sessions.shtml>.
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* Find international partners to fund
missing half of ocean sections

LAND USE AND LAND COVER
John Townshend

Is it changing and if so how fast?

e Official UN estimates indicate a global
rate of 9 million ha/year of forest for the 1990s.
Highest rate was for 1990-95 at 11 million ha/
year. Hence slowing rate during the 1990s

* For the tropics Food and Agriculture
Organization figures indicated a decline in the
tropics from 13.4 m.ha/year in the 1980s to 12
m.ha/yr in the 1990s

* Based on approximate remote sensing
methods, the decline in 1980s was 5.0 m.ha/yr
and in the 1990s was 5.6 m.ha/yr

e These rates correspond to 0.2-0.3% rates
of change per year. In some countries rates are
much higher (e.g., Paraguay rate exceeds 3%). In
tropics highest rates are in South America and
southeast Asia

* Conclusions: Major uncertainties in rates
and whether rate is increasing or decreasing

* Apart from deforestation there is little
reliable information on rates of change of other
types of land use/land cover globally or regionally

What factors determine or contribute to rates and
spatial patterns of change?

* Climate change; wildfires, harvesting of
forests; agricultural conversion (changes in
technology - irrigation); urbanization; population
growth, migration—rates depend strongly socio-
economic scenarios
(wealth>meat-consumption>soy> deforestation)

What are the projected rates of change in
future—20 years/century?

* Rates expected to increase with
increasing rates of deforestation, agricultural
expansion, changes in technology (irrigation),
but considerable regional variability

What new observations are needed to address
the question (reduce the uncertainties)? Actions
needed:

New or augmented observations
* Reliable global estimates required on a
five-yearly interval; regional estimates of hot



spots especially in the United States needed
annually

* Operational Landsat-type capability
coupled with selected sample high-resolution
data (from commercial sources) plus city lights
for urbanization

* Vertical structure of vegetation
Products

*  Wall to wall global mapping of land cover
change at a five-yearly interval

* Combined use of moderate resolution
data to flag hot spots plus Landsat-class fine
resolution data for annual updates

Specific actions needed by FY

* Immediate: estimate rates of change for
the 1990s using 1990 and 2000 ortho-rectified
data sets combined with other data to fill in
missing data

* Next five years: Initiate ‘“operational”
Landsat-type land imager leading to regular
five-yearly monitoring and annual hot spot
monitoring

Missing

e Strategy for additional observations
needed to attribute causes of change and assess
impacts

* Must be linked to “scenarios strength-
ened by an improved understanding of the
interdependence among economics, population
growth, energy consumption advances in
technologies and emissions” (CCSP,2003, p.28).

NATURAL HAZARDS (EARTHQUAKES)
Anne Linn"'

Is the indicator changing and if so, how fast and
where?

* Earthquakes change on scales of interest
to decision makers. Short-term forecasts (hours
to days) might not be achievable because of
the chaotic nature of brittle deformation.
Intermediate-term (years to decades) and long-
term (decades to centuries) forecasts are more
promising.

What factors contribute to the rate and spatial
pattern of change or to keeping it constant?

" Material from NRC, 2003.
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* Earthquake activity

e  Strain accumulation

*  Geometry of fault systems

*  Earth structure/tectonic history

What are possible projected rates and patterns of

change?

* Change in earthquake activity in a fault
system is an indicator of hazard; major earth-
quakes change the patterns of stress in fault
systems and increase or decrease the hazard

What actions should be taken to answer the
questions or reduce uncertainties?

* Denser, more sensitive seismic net-
work—record earthquakes down to M 3 (M 1.5
in areas of high seismic risk)

* Denser geodetic arrays—measure all
significant motions

* Field work—quantify fault slip rates and
determine the history of fault rupture

* Algorithms to predict large-scale failures
in fault systems and rigorous statistical tests of
forecasts, with a global scope to capture enough
earthquakes

Specific actions (planned in the United States;
comparable plans do not exist in other countries)

* Advanced National Seismic
System—double number of sensitive
seismometers in the United States to 1000
($170M + $47M/yr to operate)

* Interferometric Synthetic Aperture Radar
—satellite strain measurements ($245M)

* Lidar—investigate faulting and surface
deformations caused by buried faults

*  Ocean floor seismic and geodetic stations
(e.g., NorthEast Pacific Time-Series Undersea
Networked Experiments )

* Seismic reflection and refraction (indus-
try), gravity data—investigate subsurface

*  30-m topography and bathymetry—map
faults & seismically induced landforms

* Data analysis/management ($15-20M/yr)

* Continue operating Global Seismic Net-
work (125 stations) and national networks

» Dbetter geographic coverage and/or
reporting of seismic stations
» seafloor observatories

* Continue operating International GPS
Service—global reference frame

*  Continue Global Strain Rate Map Project

* Continue Global Fault Mapping Project




EXTREME WEATHER (HURRICANES)
Rick Anthes

Is the frequency or intensity changing and if so
how fast?

What factors determine (or contribute to) the
rates and spatial patterns of change?

What are the projected rates and patterns of
change in the future—next generation (20 yrs);

next century?

What factors affect the accuracy and timeliness
of the forecasts?

What actions should be taken to answer the
above questions (quantify and reduce the
uncertainties and improve forecasts)?

* New or augmented observations of the
atmosphere over the oceans and the upper levels
of the ocean
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* Better access to data and forecasts

* Increased computer capacity to run en-
sembles of high-resolution models

¢ Data assimilation

* Products expressing probabilities of
hurricane track, intensities, rainfall distribution,
storm surge, tornadoes, and other phenomena
associated with hurricanes

¢ User education

* Increased dropsondes for observing
storms

Specific Actions needed by FY-phasing, budget

* FYO05 support for increased GPS drop-
sondes
*  FY05 Computer support for high-resolu-
tion ensemble forecasts
* FYO06 and beyond
» microwave estimates of sea surface
temperature
» scatterometer vector winds at surface
» upper ocean heat content
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AGU
AMS
AVHRR
CCSp
CENR
CEOS
EIS
EOS
E-P
ERB
FY
GAW
GCOS
GEO
GLOSS
GPS
GSN
GTOS
GUAN
IEOS
IGOS
IPCC
MODIS
MSU
NASA
NEON
NOAA
NPOESS
NPP
NSF
OSE
OST™M
OSTP
SAR
TAO
T/P
UCAR
UNFCCC
USGS
VIIRS
WCRP
WMO
VOSClim

Appendix D
Acronyms

American Geophysical Union

American Meteorological Society

Advanced Very High Resolution Radiometer
Climate Change Science Program

Committee on Environment and Natural Resources
Committee on Earth Observation Satellites

Earth information system

Earth Observing System

evaporation and precipitation

Earth Radiation Budget

fiscal year

Global Atmospheric Watch

Global Climate Observing System

Group on Earth Observations

Global Sea Level Observing System

Global Positioning System

Global Surface Network

Global Terrestrial Observing System

Global Upper Air Network

integrated Earth observing system

Integrated Global Observing Strategy
Intergovernmental Panel on Climate Change
Moderate Resolution Imaging Spectroradiometer
Microwave Sounding Unit

National Aeronautics and Space Administration
National Ecological Observatory Network
National Oceanic and Atmospheric Administration
National Polar-orbiting Operational Environmental Satellite System
NPOESS Preparatory Project

National Science Foundation

Observing System Experiment

Ocean Surface Topography on Space Missions
White House Office of Science and Technology Policy
synthetic aperture radar

Tropical Atmosphere Ocean

Ocean Topography Experiment (TOPEX)/Poseidon
University Corporation for Atmospheric Research
United Nations Framework on Climate Change Convention
U.S. Geological Survey

Visible/Infrared Imager/Radiometer Suite

World Climate Research Program

World Meteorological Organization

Voluntary Observing Ship Climate Project
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