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Abstract: Globa biogeochemical research must increasingly address the problems of
“detection” or quantification of changing fluxes to the aimaosphere, and “attribution” or
explanation of those fluxes in terms of specific mechanisms. Today, neither our
measurement nor analysis capabilities are sufficient to meet the twin challenges of
biogeochemical detection and attribution with sufficient accuracy and resolution. We
propose asummer school to advance both analysi's techniques (inverse and assimilation
modeling) and obsarving system design. The Summer School will involves lectures from
abroad and distinguished group of scientists on the biogeochemica cycles, current and
planned measurement capability, process and data andyticad modding, and new
gpproachesin gpplied math. It will have as its centerpiece a hands-on smulation
exercise. Egtimates of globd terrestrial and oceanic fluxes will be produced from
existing data and models, combined to produce flux fields with reasonable time- space
variability. They will be digributed in agloba smulated atmosphere using an
atmospheric transport model, run at the maximum achievable resolution to produce a4-D
data set of concentrations. The participants will form competing teams to reconstruct
surface fluxes. Each team will choose a measurement strategy and obtain data
corresponding to that strategy by querying areferee. Each measurement will have a
“price’ and each team will have an identical budget in dollarsto “fund” its observing
program. Each team will have access to the same models. A mesoscale carbon
assmilation modd being developed at NCAR and Colorado State University will be
available for the participants to use in network design, and to demonstrate concepts and
goplication of data assmilation in biogeochemistry. The teams may choose any Strategy
they wish to estimate the “red” fluxes. The conclusions from the workshop will be
summarized in areport and a series of articles on 1) design of the exercise and
implications for observing system design, 2) areview of data assmilation approaches for
biogeochemicd cycle research, 3) possihilities for use of the Smulation exercisein
education. In the year following the workshop, we will make the psuedodata bases and
andysstools available and improve them to better meet the research needs of the
biogeochemica research community.



Background: In the past few years, an imperative has developed to quantify the fluxes at
the Earth’s surface of trace gases and photochemica precursors, especidly carbon
dioxide, methane, carbon monoxide and reactive nitrogen species. To borrow
terminology, thisisthe “detection” problem of carbon cycle research. Accompanying
thisisthe equa imperative to understand the causes of changing fluxes, the “attribution”
problem. Thisisa profoundly interdisciplinary problem, asthe proximate causes of trace
gas exchange lie in the details of both ecosystem and industria metabolism, and their
interactions (e.g., the impact of fertilizers on biologica trace gas emission). An

andytica framework based on modd- data fuson techniques such as data assmilation
needs to be developed to link observations with process-based knowledge.

The fluxes of gases a the land surface have a number of defining characteridtics that
make their estimation of the great scientific challengesin the Earth and Life sciences.
Fird, the fluxes are heterogeneous in pace and time, as a result of nonlinear, multiscaled
processes and thus locd measurements can only be interpreted in light of extensve data
on processes and forcing (Schimd et a 1997). Second, the fluxes of dl mgor trace gas
species depend strongly on human impacts and are greetly affected by both direct human
activity (land management and industry) and indirect effects (such as through nitrogen
deposition, dimate change and more diffuse human activities) (Schimel 1995).

Because of the complexity of integrating fluxes from in situ fied studies via “ bottom- up”
techniques, increasing attention has focused on the use of the atmosphere as integrator, to
provide a check on the estimation of aggregated fluxesin space and time (Vukicevic et d
2001). This approach has been used at multiple scales. First, the atmosphere can be used
as an integrator of fluxes globdly, and its variability in time and space provides
diagnostics of fluxes on continental or ocean basic scales (Bousquet et d 2000). Spatia
patternsin CO- are used to infer the well-known “Northern Hemisphere Sink” while
tempora variations in the growth rate of CO, strongly suggest alink between El Nino-
induced fluctuations in terrestrid rainfal and carbon exchange. Taken asawhole, the
atmosphere provides a congtraint on the globa budget of added anthropogenic CO,
fluxes. The availahility of globa CO, dataislikely to change dramaticaly soon, if
promising satellite techniques come on line (Engelen et d 2001). However, eveninthe
most optimistic view, atmospheric deta provide only indirect information on processes
and so we must combine atmospheric data with terrestrial and oceanic process data and
models.

At the other extreme, the variations in CO, concentrations at the loca (metersto
kilometers) scale and on the turbulent time-scale are used viathe eddy correlation
technique to infer fluxes over specific ecosystems (Falge et d 2001). A global network
of eddy correlation sites has been developed. Localy, eddy correlation towers provide
information on the relationship between drivers such as radiation and soil moisture and
photosynthesis and respiration fluxes for specific ecosystems. A few towers have long
and rdliable enough records to begin providing clues about interannud variability and



“dow” processes of carbon accumulation (Goulden et a 1995). Eddy correlation and
related techniques aso provide information about many other trace species aswel and
considerable data, for example, for methane and ozone.

At the third scale, mesoscae studies of CO, have been initiated, usng avariety of
atmospheric budgeting techniques (Gloor et d 2001). While tower-scale studies provide
integration at the ecosystemn scale, difficult scaing problems lie between the ecosystem
and globd scales. Tdl towers and aircraft can provide integration at the landscape or
regiond scale to hdp condrain integration using bottom-up techniques, and to detect
other problemsintrinsic to surface flux measurements. Aircraft data measure regiond
patterns of concentration and flux, but detect the convolved signds of complex surface
flux fields, heterogeneous verticd mixing and entrainment and free tropospheric

transport. Thus, the surface fluxes must be retrieved using strong congtraints from
atmospheric motion, observed or model ed.

A Summer _School: Getting closure on trace gas fluxes, both by closing budgets and by
attributing fluxes to specific processes requires an unprecedented degree of scientific
integration. Thisisalarge problem involving the physicd and biologica sciences and
human dimensions equaly. We propose asummer school to advance both andysis
techniques (inverse and assimilation modding) and observing system design. The
workshop currently has sponsorship from NCAR' s new Biogeosciences Program and the
Colorado State-centered NSF Integrated Research Challenge grant on regiona carbon
modding (P Dennis Ojima, BIO Directorate), with severa other requests pending.

We propose a Summer School to be held in Boulder for two weeksin June

of 2002. The Summer School will bring together an interdisciplinary group of scientists
interested in biogeochemistry to develop a new strategy for carbon cycle research. The
meeting will bring together researchersinterested in models and data andydts,
measurement networks, and new measurement capability development. We will begin
with overview talks on the state of the art in measurement techniques for fluxes and
concentrations, on the status of globa flux and concentration networks, on estimation
techniques (inverse, assmilation, Kaman Filter, etc), for aamosphere, land and ocean
systems. We will discuss mode-data fusion at ecosystem, landscape- continental and
global scales, taking advantage of the questions, measurement approaches and models at
those scdles. In addition to data assmilation and inverse gpproaches based on
atmospheric models, we will o review applications of these techniques to ecosystem
process models and data such as eddy correlation fluxes and results from experimenta
manipulaion studies such as free-air carbon dioxide enrichment studies. We will
brainstorm, on the one hand, new measurements and how we might learn from them, and
on the other, analys's Srategies and what new measurements they would require. The
god isto identify candidate new measurement and analysis strategies.

Participants will include invited scientists representing: 1) different scales of
measurement and modeling, 2) the rlevant “domains’, amosphere, ocean, land and
direct human dimensions (fossl and land use fluxes), plus gpplied matheméticians, 3) a
range of gpproaches including instrument design, network design, process studies,



process and globa modeing and inverse and assmilation techniques. We will dso invite
afew individuas who have been prominent in innovative earth sciences education (e.g.

Arthur Few). Applications and nominations of students and post-docs will be taken and
we hope to have 20-30 student participants. Both U.S. and internationa participants are

expected.

The centerpiece of the Summer School will be a hands-on exercise to explore new
approaches in observations, network design and andysis. Estimates of globd terrestrid
and oceanic fluxes will be produced from existing data and models, combined to produce
flux fields with reasonable time- gpace variability. They will be digtributed in a globd
smulated atmosphere using an amaospheric trangport mode, run at the maximum
achievable resolution (80-100 km) to produce a 4-D data set of concentrations. This
database will serve asthe bassfor the exercise. A series of accesstoolswill be
developed to alow students to query the database viaareferee. Thetools will sample the
amulation in ways that correspond to flux towers, Tal Towers, aircraft flights,

permanent monitoring stations (the CMDL network) and a satdllite retrieval. Within the
USwe will dlow queries of soil and vegetation carbon stocks based on VEMAP
estimates. Each technique will have a specified precison and accuracy, and adollar
value.
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Figure 1 Net ecosystem exchange for natura and agricultura ecosystems of the US 48
States. These fluxes will be combined with smilar, globd, fluxes asinput to a trangport
modd to produce a smulated atmosphere.

The participants will be encouraged to use any tools they choose to andyze the
psuedodata. We will encourage dl participants to port their preferred analysistoolsto
NCAR prior to the meeting, or bring them on laptops if they do not require large
computers. NCAR gaff will support the participantsin porting code to NCAR during the
three months prior to the workshop, to make sure that it works during the two-week



summer school. In addition, we are developing a unique tool for regiona andysis. We
will use the NCAR Atmospheric Chemistry Divison'sHANK mesoscae chemical
transport model, together with its adjoint, as the basis for aregiond carbon dioxide
assimilation system (Vukicevic and Hess 2000). This system, which will be in prototype
for the workshop, will use atmospheric concentration measurements as input, and as
output will report surface fluxes. 1t can be run with grid resolutions from ~1 t0100 km,
and is forced with either modd-generated or andysed winds. HANK isbased on MM5
and HANK and its adjoint use parameterizations for boundary layer mixing and
convection that are consstent with MM5. The team developing this smple regiond
carbon assmilation system includes Dave Schimel, Peter Hess (the author of HANK),
Tomidava Vukicevic (developer of the HANK adjoint), and NCAR post-docs David
Baker and Roger Dargaville. The assmilation system will use either avariationd
approach (Vukicevic et d 2001) or aKaman Filter (Anderson et a 1999).

The participants will form two or more teams (Red and Blue) competing to reconstruct
globa and North American fluxes. Each team will choose a measurement strategy and
obtain data corresponding to that strategy by querying the referee. Each team will have
an identical budget in dollarsto “fund” its chasen observing program. Each team will
have access to the same globa and mesoscae atmospheric models, and an ecosystem
model, and these models will differ from those used to produce the data set. The teams
may choose any srategy they wish to estimate the “red” fluxes, including pilot studies,
followed by intensives, digtributed networks with long time series or a combination of
approaches. Participants on each team will be selected so that the teams are roughly
baanced in terms of experience and technica skills, both teams will include participants
experienced in atmospheric, ecosystem, inverse and data assimilation modding as well as
datigticians from NCAR's Geophysicd Statistics Project. NCAR will provide computing
equally to both teams.

The competition will address network design, observing strategies and data andysis
approaches. Thistype of concentrated exercise provides important results and a
foundation for the participants to continue with the process of experimenta design and
andyss. The conclusions from the workshop will be summarized in areport and a series
of articles, which will be submitted to a peer reviewed journd for rapid publication. We
anticipate an immediate report in EOS and longer papers as well. One paper will address
the design and use of the amulation exercise (this could be submitted together with the
data base to Earth Interactions), one paper will focus on advancesin network design and
measurement strategy, and a third will summarize advances in assmilation gpproaches.

A fina paper, if possble, will describe the educationa aspects of the Summer School and
the amulation exercise. Thislast paper could be submitted to Bulletin of the AMS, or to
Ecologicd Applications. We expect that this type of system will be a greet tool for
teaching globa biogeochemica cycles and will schedule a discussion during the
workshop to get the participant’s ideas on how best to pursue educeationa applications.

During the second yesar, based on experienced gained in the Summer Schooal, we will
follow up as needed. We expect to develop an improved version of the atmospheric
carbon dioxide data set, and we a so will develop versons of the atmospheric data set
with specific types of sources and sinks added in. We will consder severa hypotheses



about land-use and disturbance -driven sources and sinks not included in theinitid deta
sets. These terms could include a mgjor western US fire season, recovery from Gyspie
Moth in the Northern tier Sates (asis suggested in some satellite analyses) or a
perturbation to globd fluxes from ENSO effects on the ocean. Additiond exercises
using these dternate answers would ask the question, could a network optimized usng
the basic fluxes detect and correctly quantify surprise changesto the fluxes. A steering
committee meeting, plus additiona key participants will occur late in the second year to
complete publications and reporting back to the communities and agencies.

We will dso continue to improve the andyss tools devel oped for the Summer Schoal.
We will make the code for the regiona assmilation modd available, and anticipate many
groups will build on thisand gpply it in innovative ways. The accesstools for the data
set will be integrated into a web-based solution so that users can query the large
atmospheric CO, psuedodata. Part-time support for an Associate Scientist to work with
the participants and new users is requested for the second year.

| mplementation: The meeting will be organized by co-Chairs Britt Stephens and Dave
Schimd (NCAR). A locd committee will assst, and will aso take primary responsibility
for developing the smulation exercise for the Summer School. 1t will include Dennis
Qjima, Scott Denning (CSU), Tomidava Vukicevic (CSU), Scott Doney, Natalie
Mahowdd, Beth Holland, David Baker, Peter Thornton, Phil Rasch and Roger
Dargaville, together with Kathy Hibbard from the Carbon Joint Project. The
organization of trave, lecture hdls, audiovisud and accommodationswill be
conventiona and will be organized by NCAR, with support from NCAR CGD support
daff (Susan Chavez) with assstance from the Advanced Studies Program. The venue
will be Boulder, Colorado, to alow support from NCAR’s computing resources.

NCAR's scientific computing divison (SCD) will provide a dedicated 16-processor
meachine for the duration of the Summer School and additiona processors if necessary.
Computing and data support will be provided to the participants and broader community
after the workshop aswell. SCD will aso assigt in other ways, and we will integrate this
exercise with the Community Data Portdl to provide access and display/data management
tools. The meeting and required computing labs will either bein NCAR facilities or on
the CU Campus (afast link isavallable). We anticipate substantid involvement of
NCAR's SOARS students in the Summer School.

Deliverables
Déliverables from this project will indude:

1) A new generation of scientists from many disciplines trained in modd-datafuson
techniques and observing system issues,

2) Evauation of current and planned observing systems and analytical gpproachesis
aformal framework,

3) Anintegrated 4-D data base for research and educational applications,



4) Tutorid materid and smulations for modd-data fusion analyses,
5) Publications documenting the results
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