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Executive Summary:

The Critical Zone Observatory (CZO) Review Committee evaluated a wide range of written documentation and considered overview presentations by the principle investigators focused on the experimental design and accomplishments of the individual observatories, as well as a series of presentations on synthesis activities across the observatory structure.  We were impressed by the science that has been produced thus far and by the progress towards syntheses of critical zone processes. Overall, an important achievement of the program has been the development of a culture of collaboration that is enabling movement towards interdisciplinary and cross-site science.  The scientists involved, who come from a wide array of disciplines, have succeeded in initiating a series of highly instrumented watershed-based observatories that are addressing fundamental critical zone issues; they have also established teams of interdisciplinary scientists who have self-organized both within and among the observatories to define overarching scientific and operational issues.  This new culture of interdisciplinary collaboration will drive fundamental breakthroughs in critical zone (CZ) science.  On the basis of this positive assessment of the accomplishments of the CZO system, we make the following overall recommendations;  
To maintain the current observatories and strengthen their networking and coordination as:
·  A national resource for long-term Critical Zone (CZ) science, data, and information that is being made available to the broader scientific community.  The value of this data increases with the length of the time-series data they produce.
·  A national breeding ground for the active intellectual development of the interdisciplinary field of CZ science.
·  A source of developing data sets and information tools that will be widely utilized both within and outside the CZ community. 
We conclude that the existing observatories should be permitted to compete for renewal funds, after their original 5-year cycle of funding is completed, based on the criteria outlined above rather than in direct competition with potential new observatories.
We also recommend the establishment of a separate funding pathway specific to CZ research.  The goal would be to open the observatories to participation by a national cadre of scientists.  This funding could be utilized to expand the scientific scope of existing observatories through new observations and experiments (for example coring or shallow geophysics), and/or to focus on synthetic research that spans multiple observatories and/or to foster the development of models specific to CZ processes.
We recommend expansion of the current network by addition of new CZOs. The priority should be to focus on landscapes that are vulnerable to direct and indirect anthropogenic disturbances, such as climate and intensive land use.

We recognize the value of the deep-time perspective on CZ processes and this can be considered to have two components. The first component is focused on a better understanding of the preservation potential of CZ structures and biochemical signatures based on the current CZOs.  We welcome a focus on this component at existing and future observatories through a separate funding pathway for additional researchers.  The second component is deep-time observatories that could adopt an entirely different observing strategy, which we feel falls outside the domain of the current CZO program.  

The opportunity for the network to establish broader impacts of the CZ concept through one or two sustainable, enduring activities, with appropriate assessment, seems strong and should be developed at a network level, complementing each site’s impressive local outreach.

Introduction

The Critical Zone Observatories (CZO) solicitation, issued in FY 2007, called for proposals to develop observatories operating at the watershed scale that would significantly advance understanding of the integration and coupling of Earth surface processes as mediated by the presence and flux of fresh water.  Earth’s critical zone had been previously defined by the NRC’s Basic Research Opportunities in Earth Science (BROES, 2001) report as the layer bounded by the top of the plant canopy and the base of the weathering horizon.  Ultimately, six CZOs were funded in two rounds.  These observatories were faced with an enormous challenge to advance critical zone science because of the complex interdisciplinary nature of the critical zone processes and the fact that these processed operate over large spans of time and space.  Some insight into these issues can be gained from figure 1, developed by Susan Brantley of Penn State University.  As this figure shows, the critical zone is the focus for a complex interdependent web of geologic, geochemical, biologic, hydrologic, geomorphic and atmospheric processes.
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As defined by the critical zone community in a 2010 document entitled ‘Future Directions for Critical Zone Observatory (CZO) Science’, the goals of this research effort over the next decade are to:
· develop a unifying theoretical framework of critical-zone evolution;
· develop coupled systems models to explore how critical-zone services respond to anthropogenic, climatic and tectonic forcings; and
· develop an integrated data/measurement framework sufficient to document critical-zone geologic and climatic settings, inform our theoretical framework, constrain our conceptual and coupled systems models, and test model-generated hypotheses across a CZO Network.
These long-term goals form a useful backdrop against which to view the initial stages of the observatory network.  
Charge to the Review Panel
1. Review and assess the accomplishments and opportunities in research and education of each of the six CZO sites, with a focus on the unique added value of the observatory approach to CZ research.
2. Review and assess the scientific integration and coordination of the CZO Program (e.g., data management, LIDAR, education and outreach, etc.).
3. Review and assess the experimental design and location of existing CZO sites to address existing and emerging questions on CZ function and response to change.
4. Make recommendations with regard to (a) gaps that need to be filled and (b) new directions that may be pursued in the new solicitation.
5. Make recommendations with regard to the criteria used by NSF for the selection of CZO sites.


Findings
Review and assess the accomplishments and opportunities in research and education of each of the six CZO sites, with a focus on the unique added value of the observatory approach to CZ research.

The overall package of observatory development and research presented by the CZO teams was remarkable and our impression was of scientific excellence and innovation, ferment, and a high degree of self-organization. The CZO program seemed more than the sum of the six parts and has been strengthened by emerging formal coordination mechanisms, informal collaboration and cross-fertilization of ideas and skills, and by several crosscutting, funded activities (LIDAR, broader impacts, all hands-on meetings, and cyber-infrastructure). We did not have time or sufficiently comprehensive information for an in-depth evaluation of each observatory, but, allowing for the differences in time since establishment, saw each of them contributing unique and important science.  Objectively, the program has an already-strong record of publication and graduate/postgraduate training, along with a prominent impact at AGU, GSA, Goldschmidt, and other key venues.  There is also an increasing focus on engaging the ecosystem science community. The program has fostered technology development by implementing novel networking approaches at some sites and diffusing the technology to others, as well as developing creative approaches to network data management, and has implemented a collegial, yet effective governance structure.
The program includes diverse models for establishing CZ observations, from the watershed mass-balance of Christina and Shale Hills (with satellite sites), to the paired gradient approach of Jemez/Santa Catalina and the mountain range approaches of Puerto Rico, California and Colorado.  These diverse approaches are appropriate to a new science, and provide a great experience base.  We note that most of these sites are primarily focused on high-energy high relief systems.  Less emphasis is placed on low-relief low-energy depositional and permafrost landscapes. For this reason, they sample only a small part of possible CZO processes, leaving room for expansion of these observatories to even larger landscapes.  Linking erosional to depositional environments in Colorado is beginning, and similar opportunities may exist in California and Puerto Rico, but addition of new observatories would markedly increase this focus.  The current paradigm makes heavy use of the small watershed approach, and while this is powerful in allowing separation of variables and mass balance, it may be limiting if additional CZOs are added.  Future CZOs may profitably employ large-scale studies (e.g., in low-relief depositional landscapes). 


Although the sites have developed independent measurement plans, they are actively working to develop a comprehensive measurement strategy and in a grass-roots fashion building a set of common measurements, standards and protocols.  This evolution should be encouraged strongly.  The CZOs’ open data approach of sharing data within the CZO program and with the outside community is laudable and the development and publication of a formal data policy will be a valuable step.  We encourage the data policy to support free and open access to data as strongly as possible. 

A major contribution of the observatory approach has been to bring together a diverse group of scientists to address the CZ in an integrated fashion.  The CZO approach has promoted interdisciplinary analyses, with geologists, hydrologists, geochemists, geomorphologists, soil scientists, tectonicists, microbiologists, and other disciplines, including informatics, genuinely working together.  The approach has also allowed fast processes to be placed in the context of slow landscape evolution and is beginning to show how fast ecohydrological and biogeochemical processes influence long-term pedogenesis and landscape evolution.  The program has expanded the pool of researchers with these cross-disciplinary skills and knowledge and has further fostered these skills through a powerful graduate training program.

The program is engaging in a number of outreach efforts, including reaching out to, and entraining additional scientists, involving undergraduates and graduate students from a diverse range of institutions and engaging Minority Serving Institutions.  The network has developed some intriguing approaches to reaching other stakeholders, for example through drillers’ workshops, work with park managers and other groups.  Educational activities at a site level are appropriate and extensive Criterion 2 activities, and examples of undergraduate courses (at several sites) seem particularly strong. The opportunity for the network to develop broader impacts of the CZ concept through focus on one or two sustainable, enduring and assessable activities seems strong and should be developed at a network level, complementing the individual sites’ local outreach. The Biosphere 2 facility provides one mechanism for such a coordinated approach, but science museum venues could also be considered.

Review and assess the scientific integration and coordination of the CZO program (e.g., data management, LIDAR, education and outreach, etc.).

The current scientific and operational integration of the six CZOs is impressive for such a young program. There is a clear sense of commitment to increasing this integration and for both developing and working as interdisciplinary teams within and between observatories.  The Steering Committee, comprised of observatory peers, appears to have provided constructive critique and guidance in scientific and operational organization of the CZOs, as they evolved from stand-alone sites to an integrated network. They have implemented a bottom-up, self-organizational approach to form working groups focused on data integration, education and outreach, modeling, and sensor development and deployment and have presented results as “members of a team” at scientific meetings.  They have expressed a clear, shared vision for the future directions of CZO science. This vision was stated in a white paper written for the forthcoming NROES document (National Academy document on ‘New Research Opportunities in the Earth Sciences’).  It was centered on developing coupled systems models to explore how the critical zone responds to anthropogenic, climatic and tectonic forcing.  Most importantly, the CZOs have reached a critical mass of scientists at each observatory that cover the broad interdisciplinary scope of CZ processes. 

Specific examples of scientific integration and coordination include: 
· LIDAR acquisition and data processing; a major success that will facilitate taking the research at each of the sites to a new level.
· International student internships that facilitated US students to visit comparable European observatories and vice versa.
· Scientific coordination that has extended beyond the six US CZOs to SoilTrEC, where faculty and student visits, as well as cross-fertilization at the PI level, has planted the seeds for a number of international collaborations. 
· A data management plan that is two-pronged: (1) Site data are archived at the site for continued use there and (2) site data are then harvested by the San Diego Supercomputer Center to become part of a central repository of CZO data.
· A coordinated data management plan and practice that will serve a broad Earth science community and is already leveraging existing efforts (e.g., EarthChem). The plan will make legacy data at each site more accessible. 
Concerns: The committee notes that the utilizing the San Diego Supercomputer Center as the long-term repository for CZ data is a concern.  We wonder whether providing long-term archival and distribution of data (beyond the CZO lifetime) for the scientific community is consistent with the Supercomputer Center’s mission, goals and strategy.  
Review and assess the experimental design and location of existing CZO sites to address existing and emerging questions on CZ function and response to change;

The existing CZOs have adopted, for the most part, a watershed approach, because watersheds can be treated as a semi-closed system, particularly for water budgets. This paradigm was in part dictated by the original solicitation.  Within that context, the differing locations of the current CZOs offer a wide spectrum of tectonic, hydrological, biological, climatic, and anthropogenic processes driving both critical zone and landscape evolution.  The mountain/hill slope locations of the first three CZO awarded sites are characterized by high-energy systems in which a broad spectrum of dominant processes affecting the critical zone (e.g., rain to snow transitions and climate gradients at the Sierra site; landscape gradients affected by current and past glacial systems at the Boulder site; vegetation as a driver of landscape heterogeneity at Shale Hills). The second set of three sites has expanded the focus to include additional processes including bedrock type (Luquillo), land use (Christina Basin) and subsurface biogeochemistry (Jemez-Catalina site).  Overall, the existing observatory system captures a wide array of processes that operate at different temporal and spatial scales.  The committee is encouraged by the potential of the CZO group as a network to identify drivers of CZ function and response to change. As a network, current and new investigators can explore landscape evolution across sites by exploring long-term datasets and crosscutting themes across sites. The network approach will definitely result in a new set of testable hypotheses at existing or new CZOs (or other sites) that can result in greatly improved predictive capabilities of integrated responses of systems to forcing agents.

Whereas the committee commends the self-organizing emerging structures and potentials of the CZO sites and networks, some systems are clearly underrepresented. In particular, depositional landscapes, sensitive climate systems (e.g., permafrost) and systems under anthropogenic pressure (under rapid land-use/resource-use change) need to be incorporated into the observatory system. This particular weakness with respect to underrepresented CZ processes is treated in more detail in our recommendation sections.  

Although the watershed approach has many advantages, the committee does not view “closed” systems as the only approach to investigate multiple critical zone processes affecting landscape evolution and feedbacks. In fact, systems susceptible to rapid change may not be able to be studied with a close system approach. The committee sees the Energy and Mass Balance approach of open systems as an attractive one (EEMT, Jemez-Catalina).  Investigators of current CZOs have also recognized the advantages of alternate approaches to study CZ processes. The incorporation of a broader vision of climate beyond the CZO (Sierra), consideration of distal depositional environments (Boulder), integration of upstream and downstream landscape effects (Christina Basin) are commended by the committee. Likewise, the vision of including satellite sites over climate gradients (Shale Hills) or adopting investigations of coastal or distal effects (Sierra, Luquillo, Christina Basin) are encouraging new directions for the current sites that should be fostered. Broadening the approach of the exciting directions at current CZOs will likely empower extrapolations, enrich datasets and foster participation of wider scientific communities. 

Make recommendations with regard to (a) gaps that need to be filled and (b) new directions that may be pursued in the new solicitation.

We have identified the following issues that are at the same time gaps that should be addressed by the CZO program and opportunities for advancement of CZ science.

Modeling: No model currently employed captures the range of processes and time scales affecting the critical zone.  The modeling work at each CZO is being carried out in an ad hoc manner and a number of existing models form the backbone of this effort at the different CZOs.  There is a major opportunity for the highly integrated measurement approach to inform the modeling effort by incorporating a wider range of processes.  Enhancing the modeling framework to incorporate new parameterizations as well as a multitude of time-scales is a challenge that needs to be addressed either by enhancing existing models or by considering a new generation of models that are more tuned to the interdisciplinary needs of the CZ science.  We encourage the development of an integrated critical zone model specifically targeted to the full suite of issues being addressed.  Our perception is that the models currently employed were developed for other and older science questions and data environments.

Real time data from sensor networks: The CZOs have taken advantage of the recent developments in sensor network communication to configure low cost systems that provide near-real time data. The use of Arduino open-source electronics (http://www.arduino.cc/) for prototyping flexible and ad hoc sensor networks is particularly exciting. The technology of low-cost sensor development to provide measurements of a broader array of variables, however, lags behind. Further advances in this area of novel in situ sensor development, such as using chem, bio or nano technologies can propel the CZ science in the coming years (the committee encourages CZOs to link their efforts with environmental sensor development programs, such as the Kent State, Miami University IGERT, funded by NSF). Furthermore, while the real-time data streams provide a mechanism to develop diagnostic techniques for identifying malfunctions in sensors or the networks, the value of the real-time streams have been recognized but not fully exploited for enhancing the science itself. There is a significant opportunity for advancing the science of short-term predictions, or event dynamics, at the hydro-meteorological scales that are embedded alongside the longer-time scale or slowly evolving CZ processes. Such an exercise will allow for testing new hypotheses by exploiting the high-resolution space-time data streams laid alongside the detailed characterization of the landscape available from LIDAR and other technologies. 

Moving beyond the watershed focus: Watersheds have provided an organizing principle for the CZOs. This focus is driven largely by the desire to close the water mass balance. The errors in the closure have served as a diagnostic tool for identifying missing processes, stores and fluxes to guide new observations. However, there are a number of other gradients that need to be captured. For example, the Shale Hill CZO has established a nascent network of north-south oriented satellite sites to address weathering rates of a single geologic unit across a climosequence. This expansion is highly encouraged.  The Southern Sierra CZO has established flux towers along an elevation gradient in addition to the core site. Ability to capture such gradients along climosequence, chronosequence, anthroposequence, etc. will help characterize the roles of diverse drivers. Existing and future CZOs should consider incorporating such strategies in their effort. 
Moving beyond the erosional domain: Existing CZOs are mostly focused on headwater watersheds and they do not capture CZ processes in the depositional environment. Expansion of these observatories to even larger landscapes (for example linking the erosional to the depositional in Colorado, as is already beginning) or addition of new observatories in depositional or transport landscapes is recommended.  

Best Practices:  We suggest the establishment of a unified best practices report (as a web document) useful for future investigators at both existing CZOs as well as new CZOs.  As measurement protocols are standardized, the report should be periodically updated.  We also recommend the development of a unified approach to archiving of physical samples.  
Increase visibility: The committee believes the visibility of the CZO program can be further increased in the scientific community. Given the unique opportunity afforded by the interdisciplinary measurements, there is a need to reach out to scientists in all domains but particularly to expand linkages with soil-science and ecology. This may be achieved in a number of ways, such as using communications that highlight the uniqueness, simultaneity and density of measurement that have the potential to unravel new interactions, and advertising the emerging science to a broad range of scientific communities and organizations. Joint activities with related programs such as LTER, NEON---Arctic Observing Network and at a wider range of meetings could help accomplish this.
5. Make recommendations with regard to the criteria used by NSF for the selection of CZO sites

We consider the current size of the CZO network (6) to be a minimum for operating effectiveness, and feel expansion of the existing CZO network to include new sites is highly desirable.  Because the observations and infrastructure at existing CZO sites have inherent value, we recommend separate tracks for considering renewal of existing CZOs that is distinct from that employed for selection of new CZOs.  
(1) For existing individual CZOs seeking renewal, we suggest the following important evaluative criteria:
· At a time of rapidly evolving climate patterns, the time-series data being collected at the observatories are a national resource.  The data gain value as time series lengthen and the value of these data to the broad community should be an explicit criterion, complementing traditional publication and future planning metrics.

· Each CZO must demonstrate continued, sustained efforts at data integration with other CZOs and continuity of data collection at the existing CZO.
· Scientific Synthesis – Each site must have developed a framework for synthesis and coordination within and across sites, with resulting formulation of significant hypothesis-driven scientific conclusions regarding fundamental CZ processes.
· The CZO must have a record of accomplishment of productivity of publications in a breadth of scientific journals as befits the scope of critical zone science.
· The CZO must demonstrate substantial efforts at sustaining both intra-site and coordinated cross-site broader impacts and outreach activities.
· The CZO must show evidence of involvement in cross-site comparative studies and synthesis activities, full integration of above-ground and below-ground processes, and expanded cataloguing of site characterization data.
(2) For consideration of proposals for new CZOs, we recommend a review track that is separate from the review track used for consideration of renewal of existing CZOs.  For proposals for new CZOs, we recommend that PIs be required to address the following, in addition to normal NSF Intellectual Merit and Broader Impacts Criteria:
· Current Information Gaps in the CZO Network: new CZOs  must address current information gaps in the CZO network, emphasizing inclusion of CZ systems considered to represent other CZ environments, systems especially vulnerable to rapid climate changes and/or subjected to historical and/or current anthropogenic impacts.
· Linkages to Deep-Time - specific linkages to understanding deep-time (paleo) critical zones are important and should be developed, with additional consideration of source-to-sink processes.
· Connectivity with the Existing CZO Network – new CZOs must demonstrate a research plan for data gathering, integration and synthesis that is compatible and integrative with the activities of the existing CZO network. Gathering of primary field and laboratory data, and subsequent modeling are essential components of research plans.
· New investigators – the training of a new generation of critical zone scientists is imperative, and so inclusion of PIs and students not previously involved in CZOs is to be encouraged.
· Interdisciplinary Teams Crossing “Cultural” Boundaries - investigative teams crossing disciplinary boundaries are emphasized as a means to break down “cultural” barriers between research groups where scientific communication and information exchange is challenging (e.g., pedology, hydrology, ecology, geomorphology, geophysics).
· Geomicrobiological Processes – to fully evaluate the entire extent of ecosystem processes and influences on CZ processes, involvement of geomicrobiologists and/or microbiologists is essential.
· Broader Impacts and Outreach – Presentation of a comprehensive plan that ensures that a few Broader Impacts and outreach activities are conducted effectively, at both intra-site and centralized cross-site, which have high impact. Sustainability could be a key area.
Summary statement:

It is our conclusion that the six Critical Zone Observatories are making important strides towards achieving the vision set forth in the 2001 National Research Council report on Basic Research Opportunities in Earth Science (http://www.nap.edu/openbook.php?record_id=9981&page=R1).  This document set forth critical zone studies as a topic in Earth science both ripe for major breakthroughs and one with tremendous implications for life on the planet. In this regard, the current Critical Zone Observatory program has brought a much-needed systematic approach to, as well as a national focus on the complex web of processes at work in the critical zone.  We were impressed by the existing suite of observatories both as individual units and as a network that is expanding the horizon of CZ science.  Furthermore, it is very likely that additional observatories will benefit from the tools, data, and experience of the existing observatory structure, which will provide a firm foundation for an even more comprehensive understanding of the critical zone. 
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