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Abstract 
The oceanic biological pump describes a complex suite of processes that result in the transfer of particulate organic carbon (POC), derived from photosynthetic carbon fixation in sea surface waters, to the interior ocean. This constitutes a globally important mechanism for removing CO2 from the atmosphere and sequestering carbon at depths where it may remain isolated for centuries to millennia. Variations in the strength of this deep ocean carbon sink, which is vastly greater in size than all other bioactive carbon (bio-C) reservoirs on the planet, are considered to regulate the Earth’s climate and have been implicated in past glacial-interglacial cycles. The biological, chemical, and physical processes involved in the biological pump are numerous, inextricably linked, heterogeneous over a wide range of spatial and temporal scales, and influence virtually the entire ocean ecosystem. As such, the functioning of the oceanic biological pump is not only relevant to the modulation of Earth’s climate but also constitutes the basis for key food resources that promote biodiversity and support the human population. Our understanding of the biological pump is far from complete. Moreover, how the biological pump and the deep carbon sink will respond to the rapid and ongoing anthropogenic changes to our planet—including warming, acidification, and deoxygenation of ocean waters—remains highly uncertain. Sustained, comprehensive observations, coupled with extensive modeling studies, are required to accurately constrain carbon fluxes in space and time. In this paper, we describe a Global Biogeochemical Flux Observatory (GBF-O) designed specifically to understand and quantify present-day and future changes in biological pump processes. The concept for the GBF-O, which complements the Ocean Observatories Initiative (OOI), is built on the following elements: (1) Assessment of fluxes and inventories of bio-C should encompass all oceanographic zones and domains, from the air-sea interface to, and through, the seafloor. (2) The functions of organisms involved in the biological pump from all three domains of life (Eukaryota, Bacteria, and Archaea) must be understood at ecological, metabolic, and genomic levels. (3) Synchronous time-series data/sampling is essential to identify and understand seasonal and inter-annual rhythms in the entire ocean domain. (4) Acquisition, return, and archiving of discrete samples is crucial for in-depth characterization of the oceanic biological pump.
This paper is based on discussions that took place during, and subsequent to, a US Ocean Carbon and Biogeochemistry Program (OCB) Scoping Workshop entitled “A Biogeochemical Flux Program Aligned with the Ocean Observatories Initiative” held May 23–25, 2011, in Woods Hole, MA (http://gbf-ooi.whoi.edu/) with support from the US National Science Foundation and the Woods Hole Oceanographic Institution.
Introduction
Over the past few decades we have gained critical insights into the principal processes that govern the ocean’s role in the global carbon cycle, and through this, the recognition that it serves to modulate the Earth’s climate, thus maintaining habitable conditions for many forms of life on this planet. A key component of the marine carbon cycle is the biological pump, the suite of processes that fix and export CO2 from the atmosphere through the water column into the deep ocean. The myriad processes comprising the biological pump are complex, intertwined, and subject to uncertain perturbation by ocean warming, acidification, deoxygenation, and potentially other phenomena. Our knowledge of these processes remains far from complete. In particular, our ability to understand the feedbacks within the ocean system and to predict how the oceans will respond or contribute to environmental change remains rudimentary (e.g., Falkowski et al., 2000). It is therefore imperative that we develop a comprehensive and quantitative understanding of the biological pump if we are to successfully monitor and forecast many of the anticipated global effects of anthropogenic climate change. 
Predicting the pace and even direction of change of key processes represents a formidable yet crucial challenge. In response, there has been a major shift in the philosophy of ocean exploration, realized as the Ocean Observatory Initiative (OOI), which is poised to revolutionize the way in which the role of the oceans as a key component of the Earth system is examined <www.oceanobservatories.org>. Sustained, comprehensive, and in many cases, real-time observations emanating from the OOI and related international programs within coastal, regional, and global observatories will provide unprecedented insights into ocean processes operating over a range of spatial and temporal scales. Here, we describe a complementary new initiative, the Global Biogeochemical Flux Observatory (GBF-O; http://gbfooi.whoi.edu/content/workshop-agenda), which seeks to assess the role of ocean biological and biogeochemical processes in Earth’s climate.

The OOI will provide important insights into the exchange of carbon between the ocean and the atmosphere, but this observation program does not address several crucial aspects of the ocean’s role in the global carbon cycle: the fixation of CO2 by primary producers in the surface ocean, the export of carbon from surface waters via the biological pump, and the subsequent attenuation and accumulation of bioactive carbon, including processes that result in its isolation from the atmosphere for hundreds to thousands of years. Through several decades of research we have begun to appreciate this highly complex suite of processes that collectively influence the global oceanic carbon inventory and involve ecosystems throughout the water column, from the surface ocean to the sub-seafloor. However, our understanding of the underlying processes remains rudimentary, as highlighted by the continuous unearthing of major surprises and revelations. These include:

• the importance of dissolved organic carbon as a component of the oceanic biological pump (e.g., Hansell et al., 2004, 2012; Jiao et al., 2010; Herndl et al., 2010),

• the critical and poorly constrained role of zooplankton in physical and biogeochemical processes within the mesopelagic ocean (e.g., Steinberg et al., 2002; Buesseler et al., 2007), 
• the “continental shelf pump” and associated processes that laterally supply inorganic and organic C from the ocean margins to the interior basins (e.g., Tsunogai et al., 1999; Dunne et al., 2007), and 
• the recognition of a significant standing crop of prokaryotic cells throughout the water column, particularly in the layers immediately above and below the seafloor (e.g., Wilcock et al., 2004; Huber et al., 2007; Sievert et al., 2008). 

These findings have resulted in new paradigms for the role of oceanic biological processes in modulating conditions conducive to the current balance of ocean life. With the recognition of these and other facets of the oceanic carbon cycle, as well as the emergence of many other questions concerning the workings and efficacy of the biological pump, new approaches must be developed to understand and predict how ocean biogeochemical fluxes will respond to, and modulate, climate change (see http://www.whoi.edu/whitepaper/GBF-OOI).

The current pace of carbon accumulation in the atmosphere (0.28 PmolC yr-1; IPCC, 2007; Figure 1) and in other active reservoirs associated with global change is alarming, and several lines of evidence suggest that the pace of change is only likely to increase as a result of positive feedback mechanisms: warming, acidification, and deoxygenation of ocean waters are proceeding at measurable rates and on a global scale. Assessment of the impact of these and other perturbations related to climate and global change on ocean biogeochemical processes can only be addressed via sustained observations (Wunsch et al., 2013). With respect to the biological pump, observations of biological and biogeochemical processes and associated contextual measurements of physical dynamics, coupled with extensive, well-grounded modeling approaches, are necessary to enable robust extrapolation of resulting fluxes in space and time. It requires engagement of academic researchers across multiple disciplines, with support from partners in the private sector, to realize and build upon technological innovations in ocean research that allow cost-effective implementation of reliable and systematically serviceable instrumentation. It is also important to instill in society at large an appreciation of the ocean as a vital global resource, its role in maintaining the habitability of our fragile planet, and the need for sustained (multi-decadal) observations of ocean processes. This is the motivation for and the concept behind a GBF-O. 

The GBF-O is designed specifically to provide a framework for implementing a sustained observation and sampling program that complements elements of the OOI as well as other ocean observation approaches, such as satellite-based global investigations of marine primary productivity (Behrenfeld and Falkowski, 1997), shipboard time-series programs (Church et al., 2013), and widespread dissemination of floats and gliders equipped with sensors for constraining ocean biogeochemical processes (Johnson et al., 2009). The GBF-O concept is based on a combination of established technologies and advanced autonomous instrumentation integrated into a single coordinated system. Among the key facets of the GBF-O that distinguish it from the OOI are emphasis on high precision, long-term sample acquisition; preservation of the samples; and, importantly, return of the samples for detailed laboratory-based analyses. These capabilities are of crucial importance for extracting the greatest level of information, and for developing a sample legacy that will be invaluable for future research as new analytical technologies emerge. 
One of the major objectives of the GBF-O will be to assess, over time, the impact of changes in the physicochemical constitution of the oceanic water column (e.g., changes in temperature, pH, oxygen levels, DOC composition) on the food web, its structure, metabolic functioning, and genetic transformations. Here, we outline an initial proposal for the methodology that integrates discrete sampling activities with sensor-based continuous measurements in order to fulfill this objective.

Background 
The atmospheric inventory of carbon as CO2 (CO2-C ) is currently estimated to be about 62.5 petamoles (1015 mole; Pmol); pre-Industrial Revolution values are estimated to have been 48.3 Pmol, and an increase of 0.28 Pmol C yr-1 has been witnessed in recent decades as a consequence of ongoing anthropogenic CO2 emissions (0.44 Pmol C yr-1) (IPCC, 2007). The pelagic and coastal oceans, together with the Great Lakes, contain over 90% of the Earth’s bioactive-C (bio-C) and exert a major influence on the global environment by modulating fluxes and transformations between Earth’s various carbon reservoirs. In particular, bio-C stored in the ocean’s bathypelagic zone (3,150 Pmol, Figure 1) is more than 50 times greater than the amount of CO2-C in the atmosphere, and more than an order of magnitude greater than all the carbon held in terrestrial vegetation, soils, and microbiota combined. This deep ocean “master reservoir” thus represents by far the single largest inventory of bio-C on Earth (IPCC, 2007) and the sink-strength (or the “feedback efficiency”; Falkowski et al., 2000) of this reservoir is critical to prevent rapid increase of CO2 in Earth’s atmosphere. Understanding the primary transport mechanisms and metabolic processes that capture CO2 from both natural and anthropogenic sources and rapidly transport it to the deep ocean—that is, the components of the biological pump (e.g., Volk and Hoffert, 1985; Honjo et al., 2008)—is of crucial importance to assessing the ocean’s future response to and role in climate change. 

A portion of the CO2-C is recycled from the ocean interior to the euphotic zone and the atmosphere by upwelling and other physical processes associated with global thermohaline circulation. This loss due to ocean ventilation is counter-balanced in part by the biological pump, which transports carbon from the surface to the deep ocean. The biological pump starts with the photosynthetic fixation of inorganic carbon into phytoplankton biomass in the euphotic zone. Global oceanic primary production (G-PP) remains incompletely constrained and is the subject of continuing studies (e.g., Berger, 1989; Antoine, 1996; Behrenfeld and Falkowski, 1997); however, it is estimated to be between 3 and 4 Pmol C yr-1 (e.g., Chavez et al., 2011). Research undertaken during the Joint Global Ocean Flux Study (JGOFS) and subsequent programs clarified that a fraction of this bio-C is rapidly “exported” or “removed” from surface waters and transferred to the ocean interior in the form of particulate organic carbon (POC) through a complex interplay of biological processes as well as gravity (e.g., Honjo et al., 2008). The mode of POC ballasting and export (Francois et al., 2002; Armstrong et al., 2001) differs with latitude and between and within ocean basins (Honjo et al., 2008; Henson et al., 2012), but a general observation is that POC delivery from the euphotic layer to the abyssal ocean floor essentially takes place within the same season that it is produced (i.e., on a time scale of weeks to months). The majority of this settling POC is metabolized by prokaryotic microorganisms and contributes to the deep dissolved CO2 pool (∑CO2-aq). This pelagic remineralization keeps pace with seasonal rhythms of POC input that prevail throughout the oceans, maintaining ∑CO2-aq in quasi steady state (Honjo et al., 2008). Chemoautotrophic processes in the meso-and bathypelagic ocean may also also play an important role in modulating deep ocean carbon inventories (e.g., Arístigui et al., 2009; Swan et al., 2011).
The overall magnitude of carbon export by the biological pump remains uncertain, reflecting our incomplete understanding of the underlying processes (Henson et al., 2011).  Nevertheless, prior studies suggest that the annual flux of bio-C transported to the bathypelagic ocean by direct transport of POC is approximately 0.04 Pmol C yr-1 (Honjo et al., 2008; Figure 1). Notably, this flux represents only 14% (0.04/0.28) of the current annual increase of carbon as atmospheric CO2. Predicting how the biological pump will respond to steadily increasing atmospheric CO2 concentrations, and understanding whether the bathypelagic carbon reservoir will remain at steady state, requires an intimate knowledge of both the physical and biogeochemical processes involved.
Overall, while we have garnered a much deeper appreciation of the role of the oceans in the global carbon cycle, we suffer from serious deficiencies in our ability to place these processes in a quantitative context, to determine their dynamics, and to assess how ocean carbon will respond to or exacerbate climate change, pollution, and over-exploitation of marine resources. For example, our growing appreciation of the large stock of prokaryotic biomass in the oceanic water column and in sub-seafloor environments (e.g., Whitman, et al., 1998; Arístegui, et al., 2009; Lauro et al., 2008), and of dissolved organic carbon residing in ocean waters, contrasts sharply with our limited knowledge of their role in biogeochemical processes. Our limited mechanistic, holistic, and quantitative understanding of the processes underpinning the biological pump prevents us from assessing its importance in modulating atmospheric CO2, and hence climate, or to predict its future behavior.
Addressing Knowledge Gaps: The Grand Challenge 
Current global flux estimates of bio-C generally stem from data acquired from highly diverse and often asynchronous observations. These estimates are prone to considerable uncertainty due to sparse and heterogeneous data coverage that may, for example, incorporate geographical biases or fail to capture seasonal variability. Although the JGOFS Program provided a wealth of new data and shed light on biogeochemical processes, derivation of global scale carbon fluxes from this and other programs is fraught with uncertainty because experiments were staged across several years (e.g., the North Atlantic Bloom Experiment [NABE] in 1989 and the Antarctic Environment and Southern Ocean Process Study [AESOPS] in the Pacific Southern Ocean from 1996 to 1998; Honjo and Manganini, 1993). Without knowledge of seasonal or interannual change, it is not feasible to establish and compare trends among different locations in ocean basins. These deficiencies reflect both a lack of technology and sparseness of opportunities for the rigorous ocean observations of the type and scope required to develop precise constraints on the biological pump on temporal and spatial scales suitable for assessing links and sensitivity to global change. We believe that understanding the oceanic biological pump and its response and role with respect to global change requires:
(1) assessment of biogeochemical processes and fluxes encompassing all oceanographic zones and domains, from the air-sea interface to, and through, the seafloor (Figure 2), 

(2) understanding of the functions of all life forms (eukaryotes, prokaryotes, and viruses) involved in the biological pump at ecological, metabolic, and genetic levels,
(3) time-series data/sampling, synchronized under one global calendar
, in order to identify and understand seasonal and inter-annual rhythms in the entire ocean domain, and 

(4) acquisition, return, and archiving of discrete samples for in-depth characterization.
Constraining Bioactive Carbon Across Oceanic Zones and Seasons 

We must fill substantial knowledge gaps concerning biological and biogeochemical processes within all zones and domains of the pelagic and coastal ocean. In the euphotic zone, or “phytoplankton domain,” accurate constraints on marine primary production in terms of absolute flux, the nature of the photosynthetic community, and production and removal rates of calcite, and aragonite, as well as of biogenic opal, must be established. Satellite-based surface ocean color observations have made an enormous contribution to ocean biogeochemistry and have yielded the most spatially comprehensive view of G-PP (e.g., Behrenfeld and Falkowski, 1997). While satellite-based observations will be indispensable in future ocean observing efforts, these measurements probe only the surficial layers of the euphotic zone and presently do not directly capture empirical information on the diversity of organisms contributing to PP or on the fate of this photosynthetically derived carbon. There is a need to constrain carbon and biomineral production throughout the euphotic zone through high-resolution time-series measurements (e.g., Taylor and Howes, 1994). Moreover, it is necessary to characterize the nature and dynamics of the primary producer community, and also to constrain autotrophic (and heterotrophic) processes at all ocean depths (Figure 2).
In the mesopelagic zone, or “zooplankton domain,” eukaryotic organisms are understood to strongly influence biogeochemical processes; however, their impact on the net flux and composition of settling POC, and of DOC, remains poorly constrained (e.g., Steinberg, et al., 2002; Buesseler et al., 2007). In particular, the diel vertical shuttling of zooplankton through the mesopelagic zone (e.g., Angel and Baker, 1982; Angel et al., 1982; Angel, 1989a,b) involves highly complex modes of POC transport and transformation, imposing serious challenges to the characterization and parameterization of this important but elusive component of the biological pump. The role of abundant prokaryotes in the mesopelagic zone is also not well understood, but is likely an integral component of biological pump processes. 

The bathypelagic zone or “bacterioplankton domain” that comprises the Earth’s “master reservoir” of bio-C (Figure 1) is crucial in the context of the oceanic carbon cycle and global change, yet remains grossly undersampled. Here, at depths beyond the influence of vertically migrating zooplankton, gravitational settling of ballasted particles (“terminal gravitational transport”; Honjo et al., 2008) is believed to be the dominant mechanism of POC supply to, and transport through, the bathypelagic zone. In situ remineralization of bio-C to ∑CO2-aq in the bathypelagic water column and underlying sediments is controlled largely by the metabolic activity of prokaryotic/eukaryotic microbial communities. Globally, prokaryote biomass in subsurface ocean sediments is estimated to be 25 Pmol C, and comprised of diverse assemblages of microorganisms (Whitman et al., 1998; Kallmeyer et al., 2012, propose smaller numbers). While the GBF-O is not designed to investigate microbial processes in subsurface sediments and the upper crust, it would involve investigation of and time-series sampling in benthic boundary (nepheloid) layers at the base of the master reservoir, where large microbial biomass and intense metabolic activity is expected.

The dynamics of ocean margin ecosystems and associated bio-C are even more complex than in the pelagic ocean; the margins are regions of large ecological diversity (Levin and Sibuet, 2012), and of high carbon productivity, export, and burial (Tsunogai et al., 1999; Thunell et al., 2000; Muller-Karger et al., 2010, Montes et al., 2012). Characterizing processes on the continental margins and their influence on deep ocean carbon inventories is therefore a prerequisite for development of a complete understanding of the global carbon cycle, yet ocean margins remain strongly underrepresented in global carbon databases and models (e.g., Thunell et al., 2007). 
Exploring Biogenic Carbon Fluxes in Ocean Habitats 

Primary Production

Coupling novel in situ technologies with those from remote sensing for quantification of primary production (e.g., Behrenfeld and Falkowski, 1997) is within reach. Three complementary time-series instruments utilize different principals to access primary production: (1) a robotic autonomous time-series “incubation productivity system” (IPS) that uses the non-radioactive stable isotopic labels 13C, 15N, and 18O (Taylor and Doherty, 1990; Taylor et al., 1993; Figure 4-3), (2) an in situ Fast Repetition Rate Fluorometer (FRRF) (e.g., Kolber, et al., 1998; Laney and Letelier, 2008; Cheah et al., 2011), and (3) a precision dissolved oxygen optode combined with an incubation robot ((PHOtosynthesis, Respiration and Carbon balance Yielding System [PHORCYS]; recent work of author van Mooy and Rick Keil, University of Washington). These three instruments, deployed together at several depths throughout the euphotic zone (15 to 125 m deep), can be synchronized toyield high-temporal resolution and depth-integrated assessments of net, gross, and community production. Such measurements at a GBF-O site, combined with improved satellite-based ocean observation and associated modeling efforts, would facilitate development of robust estimates of PP over a range of spatial and temporal scales.

Prokaryotes and Protists.

Marine prokaryotes constitute a standing crop of biomass within the water column (~1028 cells) and a reservoir of bio-C (0.2 Pmol) that is greater in size than those of many other biomes (Whitman et al., 1998), with substantial numbers found even deep in the sediment (Kallmeyer et al., 2012). Evidence suggests that this so-called “unseen” subsurface microbial majority is supported primarily by carbon ultimately derived from the photic zone through the activities of the biological pump (e.g., DeLong and Karl, 2005; Falkowski et al., 2008)). 

While the majority of vertically transported POC is remineralized into ∑CO2-aq by the combined activities of prokaryotes and protists in the ocean’s dark pelagic realm (Arístegui et al., 2009), critical questions remain: on what forms of carbon (sinking or suspended POC, or DOC) do they act? which communities at different depths are responsible? how and at what rates does remineralization proceed? and ultimately, to what extent are these processes responsible for maintaining the master reservoir? Large populations of microbes and viruses within meso-zooplankton guts (e.g., Gowing and Wishner, 1986) and settling fecal pellets (Honjo, 1997; Figure 510) suggest mechanisms for vertical transport. While details of mechanisms and rates (down/up?) are again lacking, new “omic” tools are beginning to provide critical answers (e.g., DeLong et al., 2006). 

However, the recent recognition of a widespread, counterbalancing, sink for inorganic carbon (≤ 50% of heterotrophic production) in the meso- and bathypelagic zones, driven by chemosynthesis (i.e., production of organic matter from CO2 using energy derived from the oxidation of inorganic reduced chemicals), further complicates the picture (Herndl et al., 2005; Lauro and Bartlett, 2008: Arístigui et al., 2009; Hügler and Sievert, 2011; Swan et al., 2011; Eloe et al., 2011). This sink is both poorly constrained and inadequately represented in current global carbon models (Arístigui et al., 2009). Deep-ocean autotrophic carbon fixation by archaea transforms relatively labile carbon, formed by degradation of organic matter in the water column, into more refractory membrane constituents that may persist in deeply buried sediments (e.g., Kuypers et al., 2001), potentially resulting in long-term isolation of this fraction from the carbon cycle. 

Detailed, quantitative understanding of the role of microbial processes in the biological pump will require a holistic approach, coupling depth profiles of microbial species abundance, metabolic activities, and rates with corresponding measurements of vertical particle flux, detailed characterization of contributing sources, and biochemical composition of POM and DOM. GBF-O will exploit an array of instruments and novel technologies such as “FF3 filter fixation” (recent work of author Taylor; Figure 5) for in situ preservation of nucleic acids, lipids, and proteins to obtain microbial community structure and function information that will reveal the mechanisms that modulate vertical particle flux.
Assessing Functional Diversity Through Genomic and Transcriptomic Analyses.

Knowledge of the composition and functional properties of marine populations and communities has increased exponentially over the last decade through major advances in genomic technologies and in the bioinformatic power to interpret the vast amount of data generated. Specifically, the application of genomic and transcriptomic tools to oceanographic questions can aid in the determination of gene diversity and activity, the extent to which gene expression is controlled by environmental conditions, and the reconstruction of genomes to infer community structure and metabolism (see Tyson et al., 2004). “Meta” approaches, such as metagenomics, metatranscriptomics (Venter et al., 2004; DeLong et al., 2006; Giovanonni et al., 2008), and metaproteomics (Giovanonni et al., 2005; Jones et al., 2011; Jones et al., 2013), represent conceptual and logistical shifts in the way we sample the oceans, shifts toward considering organisms within populations as gene/function carriers. Combining metagenomic and metatranscriptomic protocols with environmental sampling provides a non-prescriptive “global” view of gene diversity and function in an environmental context, which is particularly important for unveiling functions and organisms that are numerically under-represented in a population.
Current efforts are aimed at establishing adequate sampling protocols for prospecting organisms and genes that may be overlooked with conventional sampling approaches. New systems such as the time-series discrete water sampler (Remote Access Sampler, RAS), or in situ micro-plankton sampling system (PPS), equipped with FF-3 filtration units (Figure 5-11) provide innovative and versatile ways to conduct biological sampling. These systems enable adaptive sampling in pelagic environments in which the volume of filtered water can be matched with different productivity regimes, it is possible to discriminate between particles of different size classes and preserve organisms for further taxonomic identification, rapid in-situ sample preservation for RNA and DNA isolation, enabling metatranscriptomic and metagenomic analysis can be conducted (thus circumventing potential artifacts associated with sample collection via Niskin bottles and preservation on deck), and the preservative reservoir is hermetically sealed so that preserved samples remain in a stable environment until retrieved for analysis. 
An array of such instruments would enable information to be obtained at many levels of organization, from molecular (DNA, RNA, lipids) to bulk biogeochemical (e.g., N, C). 
Integrating knowledge on the environmental selection of organisms/genes/biomolecules into ecosystems through a “systems” approach will transform oceanography, making a complex system more tractable, quantitative, and predictive. Use of genomes of sentinel species representing important biogeochemical functions will be crtical to this endeavor. This approach can also aid in the discovery of novel organisms, compounds, and the mechanisms behind biogeochemical processes.
Zooplankton Behavior and Dynamics
As part of the vertical export process, the production of fecal pellets (e.g., Honjo, 1997) by meso-zooplankton grazing on biomineral-containing particulate organic matter from coccolithophorids and diatoms (CaCO3 and opal, respectively) facilitates their rapid settling through the water column. However, such transport also constitutes an important food source for organisms residing at depth (Figure 4-6; Figure 5-10). Therefore, repeated consumption and repackaging of residual organic materials likely takes place during passage through the water column. Moreover, the POC can move upward by entrainment within ascending migratory organisms. Such behavior may at least partially explain the inconsistency of POC flux as determined by the time-series sediment traps deployed in the oceanic mesopelagic realm (“twilight zone”; Honjo et al., 2008).
POC transport by zooplankton includes defecation, predation, and sinking of animal carcasses. Based on deep tows and wide-band sonar surveys, it is estimated that 15–50% of zooplankton biomass above 500 m migrates vertically into shallow layers at night (e.g., Wiebe et al., 1979; Angel and Baker, 1982; Kikuchi and Omori, 1985; Angel, 1998a,b). This diel vertical migration pattern of a large zooplankton population transports POC (and DOC) across the pycnocline through the mesopelagic zone (e.g., Wiebe et al., 1979; Longhurst and Harrison, 1988; Steinberg et al., 2002; Madin et al., 2006). This diel migration of zooplankton is potentially capable of removing one to two orders of magnitude more POC to the deeper layers than is the case for animals that are of a similar standing crop but that exhibit only low-frequency seasonal or ontogenetic migrations (Angel et al., 1982). Mortality such as by virus infections also assists vertical transportation, at least over shorter distances. For example, Zhang and Dam (1997) estimate for upwelling Equatorial Pacific waters that cross-pycnocline POC flux by meso-zooplankton mortality accounts for 34 ( 9% and 38 ( 8% of the total POC flux during spring and fall, respectively.

Pteropods, carnivorous snails dwelling in surface and twilight zone waters, are common in all oceanic provinces (Bé and Gilmer, 1977). Many species of pteropods can migrate vertically 500 to 600 m over the diel cycle. Pteropod shells, which consist of loose aggregates of micron-sized aragonite bio-crystals, can potentially strongly influence oceanic alkalinity (Mohan et al., 2006). Interestingly, pteropods are particularly attracted to larger objects such as sediment traps during diel vertical migration, potentially leading to overestimation of measured CaCO3 (Harbison and Gilmer, 1986) and POC fluxes from living pteropod tissue (Collier et al., 2000). This presents a challenge for the accurate assessment of PIC (particulate inorganic carbon) and POC fluxes using sediment traps in the twilight zones of some oceanic regions, but it may be possible to avoid such artifacts by the implementation of in situ imaging technologies (e.g., Wiebe and Benfield, 2003).
6. Methodology of the GBF Observatory
What Data and Samples Should the GBF Observatory Gather?

The GBF-O design concept is based on the goal of collecting samples and data necessary for a comprehensive understanding of the inventories and fluxes of carbon and other bioactive elements in the ocean over appropriate spatiotemporal domains. Key elements are: (1) observations from the air-sea interface through the euphotic, mesopelagic, and bathypelagic zones to the sediment-water interface, (2) sustained, synchronized time-series to monitor the seasonal and inter-annual rhythms of the biological pump, (3) ecosystem characterization encompassing a broad spectrum of organisms from pelagic to benthic communities and from prokaryotes to zooplankton, (4) construction of a long-term “legacy archive” that acquires and preserves samples for future in-depth “omics” and related studies associated with biogeochemical and paleoceanographic research, and (5) implementation and maintenance of centralized laboratories for accurate and precise determination of core biogeochemical flux parameters. 
Technical Readiness

The requirements of the program described above for sustained, accurate, high spatiotemporal resolution observations represents a formidable challenge, but it is a challenge that must be met in order to understand the workings of the biological pump and associated processes in the context of global change. Autonomous observation of ocean properties represents a major new emphasis within the ocean science community, and forms the foundation for the Ocean Observatories Initiative (OOI; www.oceanobservatories.org) and related initiatives (e.g., Johnson et al., 2009). Technological advances now render it feasible to realize observation of biological and biogeochemical processes with the scope and level of detail envisioned for the GBF Observatory (http://gbf-ooi.whoi.edu/content/workshop-report-related-documents).
The past few decades have seen major advances in underwater robotics; meso-/micro-fluidics; ocean optics; chemical, physical, and biological sensors; synthetic and metallic materials; energy supply and storage; and instrument control software. Many such “new-generation” instruments are now in common use, and are already advancing the field of ocean science. 

The mooring systems that support deep ocean experiments also have advanced significantly (Honjo et al., 2000). Successful deployments and recoveries of moorings comparable in size and complexity to those envisioned for the GBF Observatory have already been demonstrated through international JGOFS-related programs (1987–2005), such as the 2001 and 2002 Biogeochemical Flux experiments at > 5 km-deep Stations K-2 and K-3 in the Northwest Pacific (a collaboration of the Japan Agency for Marine-Earth Science and Technology and the Woods Hole Oceanographic Institution) (<http://www.whoi.edu/whitepaper/GBF-OOI>).
As for any observatory, it is essential that all of the associated instruments and supporting materials be designed and manufactured to produce consistent results upon deployment. Mass production of the instruments and mooring platforms is necessary to ensure broad availability of cost-effective systems that meet rigorous specifications. From the perspective of observing biogeochemical processes, the ability to constrain important basic parameters (e.g., hydrographic data, oxygen, POC, nitrate) through the deployment of floats and gliders represents an important advancement in terms of providing global-scale coverage (Johnson et al., 2009; Bishop, 2004, 2009). Sampling and activity measurements made throughout the water column will need to be of high temporal resolution and coordinated spatially, and they must encompass a broad range of biogeochemical properties (see section below on Instrumented Moorings for GBF Observatories, Mooring B).

Orchestration of GBF Observatory Arrays.

The majority of POC (often 70 to 90% of annual export) and other biogenic particulate mass is produced during episodes that usually occur only once or twice during a year in response to seasonal phytoplankton blooms (e.g., Wefer and Fischer, 1988). The sharp export pulses gradually diminish in amplitude with increasing water column depth, and the event is often no longer evident in fluxes measured within the bathypelagic zone (reviewed in Honjo et al., 2008). Defining the shape and evolution of this curve at all water column depths represents an important aspect of constraining the operating parameters of the biological pump and its impact on ocean-atmosphere carbon balances (Kwon et al., 2009). Based on experience from JGOFS, the optimal practical sampling interval for time-series sediment traps (TS-traps) is two weeks. TS-traps at all depths and locations would be programmed to adhere to this same sampling schedule. The internal clocks of all instruments and sensors comprising the entire GBF Observatory would be synchronized to operate as a single “integrated instrument” (we propose 24 two-week periods over a total of 365 days or 8,760 hours). Synchronized operation of all instruments would enable global sets of flux and contextual data to be compiled and synthesized.
Core GBF-O
 Data Properties and Contextual Data Acquisition
Core ocean biogeochemical properties to be accessed by the GBF Observatory 
as part of sustained, year-round time series (TS) 
observations include: (1) primary production through the epipelagic zone (PP in molC m2 T-1); (2) vertical fluxes of POC (FCorg), PIC (FCinorg), biogenic opal (FSibio), and lithogenic particles (as molAl m2 T-1); (3) water sampling for DOC, nutrients, micronutrients, and suspended POC; and (4) collection of microorganisms (bacteria, archaea, protists) throughout the ocean’s water column in a manner compatible with metagenomic, metatranscriptomic, and lipidomic studies.

Obtaining long-term, time-series or continual “contextual” data suites that are collected seamlessly or in synchrony with GBF data acquisition is vital to linking physical changes and chemical processes with biological and biogeochemical properties and processes, and to numerical understanding of the effects of global change. These data include continuous hydrographic measurements (such as conductivity-temperature-depth (CTD), 3-D current vector information, transmissometry, and bio-optical data) and measurements of physical,/biogeochemical properties (such as dissolved oxygen, pH, alkalinity, and nitrate), coordinated with the OOI. 
Laboratory Programs

Unlike most physical oceanographic observations, where a sensor produces digital data that can be directly used, a GBF Observatory array will yield both digital and analog information, the latter in the form of discrete samples for subsequent in-depth biological, biogeochemical, and genomic characterization. Collected samples will require careful handling to insure uniform distribution among collaborators and appropriate archiving (this process was been well established by the JGOFS program, reviewed by Honjo et al., 2008). Implementation and maintenance of centralized laboratories for determination of core biogeochemical flux parameters (in order to minimize analytical errors) and long-term archiving of samples will be necessary. For example, a TS-trap collects 24 export flux samples per year. If six such TS-traps are deployed at a given observatory array (Figure 3), up to 144 samples will be collected per year. Individual elemental fluxes, such as POC (FCorg), PIC (FCinorg), biogenic opal (FSibio), and lithogenic flux, among others, will result in upwards of ~1,000 major and minor element analyses per year. In order to improve the speed and accuracy of such basic analyses, they should be carried out by international sample analytical centers using robotic analyzers to reduce costs and minimize the potential for human error, in a manner analogous to use of commercial diagnostic laboratories in clinical medicine.

Fundamental Technology for a GBF Observatory Array
Preliminary Vision of an Observatory Instrument Array.
Figure 3 illustrates the preliminary vision for a stand-alone GBF Observatory instrument array at a given geographic location (see also http://www.whoi.edu/whitepaper/GBF-OOI). Such mooring arrays were improved during and after the JGOF experiments (e.g., Honjo et al., 2000), and the technology continues to evolve. Although somewhat dependent upon local conditions, the moorings within the array would typically be deployed approximately 10 to 12 nautical miles apart (to allow for unobstructed deployment) at a relatively flat bottom location. The mooring string will be supported and kept in vertical alignment by a single syntactic-foam sphere with the appropriate buoyancy for each mooring (Figure 4-1). GBF samplers and sensors are deployed at different depth intervals selected to constrain key processes and covering different water column domains (Figure 2). We envision that an array would host more than 30 major time-series instruments, such as sediment traps, water samplers, zooplankton samplers, and robotic incubators, as well as many contextual sensors and guest instruments.

Instrumented Moorings for GBF Observatory Arrays 

The time-series sensors and samplers described below are currently available for deployment on GBF Observatory mooring systems. Relevant instruments other than those currently listed in this paper would be adopted as technological developments continue and suitable instrumentation becomes commercially available. 
Mooring A: Primary Production Array

Mooring A (Figure 3) is a fully submerged, bottom-tethered array. (A) Five sets of in situ robotic incubators (IPSs; Figure X-3) based on earlier concepts (Taylor and Doherty, 1990) combined with (B) light and dark optodes (PHORCYS; recent work of author van Mooy and Rick Keil, University of Washington) will be deployed with (C) Fast Repetition Rate Fluorometers (FRRF; e.g., Kolber et al., 1998; Cheah et al., 2011) in the upper 120 m of the euphotic zone (Figure 4-3)). Additional non-radioactive tracers (e.g., Ca and Si isotopes) may potentially be implemented with an IPS to explore and separately ascertain primary productivity of coccolithophorids and diatoms, but the feasibility of such measurements has not yet been demonstrated. Another potential implementation here would be a year-long deployment of the Imaging FlowCytobot, designed to reveal the ebb and flow of a diverse range of microscopic plankton (Olson and Sosik, 2007; Sosik and Olson, 2007). The shallowest instrument cluster will be maintained at a half-wave depth of 15 m (protected within the main float) and closely compared with satellite-based ocean color observations. An Automated Depth Adjuster (ADA, currently under development) located at ~150 m to precisely control the depth of the instrument string above it represents a unique design feature of Mooring A that enables the depth of the uppermost IPS to be maintained at 15 m within ± 1 m, while other instruments are precisely deployed at specific depths within the euphotic zone. Thus, a depth-sensitive string of PP instruments can be deployed closer to the sea surface, irrespective of ocean bottom depth and potential issues associated with mooring cable stretch. 
Mooring B: Discrete Water Sampler Array
The purpose of this mooring is to deploy five sets of discrete water samplers integrated with bacterioplankton/protist sampling devices. The RAS (Remote Access Sampler) (Figure 5-7, 8, 9), for example, is a meso-fluidic sampler that permits the collection of 48 synchronized time series samples at any depth. A RAS unit can collect and chemically preserve 500 ml water samples in multi-layered sample bags and/or larger volume filtered samples (0.65, 0.4 or 0.2 μm nominal pore filters) via unique Fixation Filter Units (FF3, described below) (Figure 5-9). Aliquots of RAS water samples could potentially be analyzed for DOC, DON, and other ocean chemical and isotopic properties, including dissolved organic/inorganic carbon
, alkalinity, salinity, nutrients, and geochemicals relevant to the International Study of Marine Biogeochemical Cycles of Trace Elements and their Isotopes (GEOTRACES; http://www.geotraces.org/). Traditional suspended particles, > 0.6 µm, are sampled with a synchronized TS suspended particle sampler built into an RAS, and then preserved for analysis of particles via approaches such as electron microscopy, energy-dispersive X-ray spectroscopy, and conventional chemical analysis. Aliquots of the samples would be made available for diverse analyses in conjunction with various research programs, such as GEOTRACES.
Fixation Filter Unit technology using FF3 fixation filters (Figure 5-11) has recently been developed by author Taylor and collaborators (US Patent 8,426,218) and is designed to segregate ocean particles by passing in situ seawater through up to 0.2 µm pore  polycarbonate membrane filters while applying suction from a pressure-controlling precision micro-gear pump. The filtrate volume of the sample will be precisely programmed to within a few percent. An outstanding feature of FF3 is that each micro filter is continuously bathed in a saturated RNAlater® (Life Technologies) solution during the entire filteration process, enabling preservation and subsequent recovery of genetic information. 

Mooring C: Deep Ocean Biogeochemical Flux and Contextual Sensor Array 
The Mooring C (Figure 3) design represents a traditional TS-trap array that has been successfully utilized for > 30-years throughout JGOFS and numerous subsequent field programs (reviewed in Honjo, et al., 2008 (Figure 4-4,5). For each mooring, we propose deployment of six TS-traps, each of which would collect settling particles for 24 periods over a 12-month deployment. In addition to TS-traps within the mesopelagic and bathypelagic layers, two TS-traps would be deployed at the mesopelagic and bathypelagic boundary (ca. 2, 000 m) and configured to operate sequentially, yielding higher temporal resolution (48 samples over 12 months) for more detailed examination of the rate of POC export at the depth where terminal gravitational transport takes over (Figure 2). The open-close cycles of all TS-traps will be synchronized with each other as well as with additional TS instruments deployed on adjacent moorings (Figure 3).
TS-traps provide information on export of particulate matter, including POC, PIC, bio-SiO2, and on settling processes involving biogenic and lithogenic particles (e.g., Honjo et al., 2000). Data from tethered TS-traps deployed at shallow depths are prone to uncertainty due to hydrodynamic biases. As mentioned above, vertical migration of zooplankton can also complicate patterns of particle settling in the epi- and mesopelagic zones. Corresponding anomalies are not mechanical limitations but rather reflect dynamic ecosystem processes tightly coupled to the biological pump. Particles intercepted by sediment traps provide a valuable window on these processes, but in the upper ocean, it is essential to complement observations with information from alternative approaches such as those based on radionuclide measurements for assessing particle export (from inventories of 234Thex; e.g., Buesseler et al., 1998) and trapping biases (from 231Pa and 230Th measurements; Yu et al., 2001). Although the short half-life of 234Th precludes measurement in samples returned from year-long deployments of TS-traps, acquisition of this and other important information would be feasible during mooring turnaround cruises. 
An array of sensors for measuring contextual ocean properties for the GBF-O could be deployed on the TS-trap mooring (Figure 3) by utilizing the six 2-m long titanium poles that form the sediment trap frame (Figure 4-4, 5). This versatile platform would allow for mounting at least a dozen miniaturized, independent sensors. In instances where eight TS-traps are deployed within Mooring B, it would therefore be possible to accommodate 80 to 100 sensors at eight depths (i.e., temperature, pCO2, nutrients, dissolved oxygen optodes, transmissometer, and other ocean optics and acoustic transmitters). In this context, this mooring may serve as a template for numerous independent experiments, promoting involvement of diverse research groups and representing an ideal opportunity for outreach activities engaging the broader research community. 
Mooring D: Full ocean depth Moored Profiler
Mooring D comprises a wire-crawling profiling system (Figure 4-2), which is planned to serve as a bridge with OOI by accommodating equivalent hydrographic and acoustic sensors, including CTD, 3-D current vectors, and a dissolved-O2 probe. To better understand the diel vertical migration of the zooplankton community, mini-acoustic transponders could be mounted on an MMP. In the future, a holographic zooplankton imager (Benfield et al., 2007) could be used.

Mooring E: Zooplankton sampler array
Mooring E consists of five robotic and quantitative zooplankton samplers (ZPS; Figure 5-12, 13, 14.) with in situ RNAlater® fixation capacity. The ZPS draws meso-zooplankton into a mesh sampler via a specialized sample inlet that minimizes “escape response” loss of organisms. Collection of 50 samples that are synchronized with other sensors/samplers is possible. Meso-zooplankton are captured between two meshes located ~1 mm apart to avoid crushing the organisms (Figure 5-14); they are preserved withRNAlater®  for compatibility with subsequent molecular analysis. In addition to longer-term time-series samples, rapid synchronized collection (such as six times a day) could be executed on a few occasions during the year-long deployment to investigate the diel migration of the zooplankton community. Over a year of deployment, 500 L of water would pass through each sampling cage, repeating 50 times, as programmed 
(a total of 25,000 L). With 5 ZPSs along a mooring, a total of 125 tons of water could be filtered using standard battery packs.
Incubation Robots can be deployed using a ship’s CTD wire system during GBF Observatory deployment/turnaround cruises. These miniaturized robotic stations are lowered to determine the rate of bio-C metabolism at various specific depths, including the benthic zone (fluff and nepheloid layers) and the bathypelagic zone. It is particularly critical to understand the remineralization of bio-C within, above, and at the bottom of the master reservoir
.
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Figure Captions

Figure 1 

A simplified conceptual diagram of the Earth’s bioactive carbon cycle, with size (petamolC) of the atmospheric reservoir as CO2 (CO2-C) and the deep ocean sink in red, and key fluxes (petamolC yr-1) in yellow.  The current CO2-C inventory in the Earth’s atmosphere (62.5 petamolC) is increasing at the rate of 0.28 petamolC yr-1. POC exported to the bathypelagic zone by the biological pump is estimated at 0.04 petamolC yr-1. This zone, containing 3,150 petamolC, represents the Earth’s main reservoir of bioactive C. 
Figure 2

A scheme depicting the oceanic zones, ecological domains, phytoplankton, zooplankton, and microbes in the context of the global biological pump. 

Figure 3

The preliminary vision of a GBF Observatory instrument array for sustained, year-long deployments at a given geographic location in the global ocean. The array includes a moorings dedicated to time-series measurements and sampling for (A) primary production, (B) water and microbial populations, (C) settling particulate matter, (D) hydrographic and acoustic properties, and (E) zooplankton. The mooring array could host many (>30) autonomous sensors and samplers that are kept in precise vertical alignment. Samplers are operated in time-series synchronized under a universal program GBF Observatory arrays. 
Figure 4 
1. A single syntactic-foam floatation sphere supports each mooring. 

2. A moored profiler is shown in a testing well. A 3-D current meter, a conductivity-temperature-depth (CTD) instrument, and a dissolved O2 sensor are mounted on this particular model.
3. Primary production sensor package made up of a combination of three independent instruments with separate modes of operation: (1) Incubation Productivity System; IPS (Taylor et al., 1993; Taylor and Howes, 1994). (2) A Photosynthesis, Respiration and Carbon Balance Yielding System (PHORCYS; recent work of author van Mooy and Rick Keil, University Washington). (3) In situ Rapid Repetition Rate Fluorometers (FRRF; Kolber et al, 1998). 
4. Time-series sediment trap (Honjo and Doherty, 1988). Many independent contextual physical and biogeochemical sensors can be installed along the titanium frame.

5.  Each sampling bottle collects two weeks of the vertical flux of particles over a total of one year. Each bottle is filled with a buffered preservative solution. 

6.  Examples of settling particles collected in a 1000 m trap in the Arabian Sea. 

Figure 5 

7. A time-series Remote Access Sampler (RAS) to collect phytoplankton, suspended particles, and water samples (500 ml). 

8. The central valve system of an RAS. An array of filter holders for phytoplankton and suspended particle collection can be seen in the background. 

9. A side view of 7. All water bags (Al-foil/Teflon laminated) are filled with sampled water providing one year of time-series sampling. 

10. Transmission electron micrographs of (left) a copepod’s gut (Gowing and Wishner, 1986) and (right) a fecal pellet with coccoliths and diatom frustules (Honjo, 1997).

11. FF3 Filter Holder. Organisms, particularly microbes, that collect on the filter are fixed by a nucleic acid preserving solution (such as RNAlater®) during filtering and are then are immersed in the same solution for long-term storage and preservation. The FF3 filter holders can be used with RAS (7) or other meso-fluidic filtration devices. 

12, 13, 14. RNA-preserving, time-series zooplankton sampler (ZPS) systems. Zooplankton are sucked from an intake located on the top of the pump system (13) and introduced into a sample retainer box (3 x 5 cm x 0.5 mm) made of silicon rubber (14). Synchronously, a sample retainer is covered with another strip of mesh so that the collected zooplankton are trapped within this thin box. The box confining the zooplankton then rolls into a tank containing RNAlater®, where the sample is preserved. The ZPS is designed to collect 60 time-series samples over a year’s deployment. 


Figure 1.
[image: image1.jpg]Earth’s Bioactive Carbon Cycle PEROIC yr

Terrestrial POC | Atmospheric CO»: 62.5 + 0.28 e

Primary Production:
Ventilation

53.6 ' “pump.
POC consumption
0.46
M/B boundary
: Y
Bathypelagic zone 0.04

Earth’s CO2—C reservoir

Subsurface sedimen





Figure 2.

[image: image2.jpg]L4
Oceanic Zones and Domains of Organisms
Supporting the Global Biological Pump

Zones

Main organisms

) s ] . AA
Prlmary production Domain Phytoplankton I

’,\‘

@"

s
Zoopl oﬂ)oma.ln Zooplankton
A 9/
A critical wwufw Boundary v

ME)Jtui” dary

Gravitational Transport

Subsurface zone

Upper Crust Domain

Figure 2





Figure 3.
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�What does this mean?


�This and preceding sections jump back and forth between use of GBF-O and GBF Observatory


�See previous


�Time series is used many times previous to here. Either introduce the TS abbreviation at the start or skip it. I think just spell out everywhere. 


�DOC appears twice?


�Awkward


�Mss seems to end abruptly. Consider a wrap up paragraph about looking forward?
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