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A recent paradigm explains that the downward pumping of biogenic carbon in the ocean is performed by the combined action of six different biological carbon pumps (BCPs): the biological gravitational pump, the physically driven pumps (Mixed Layer Pump, Eddy Subduction Pump and Large-scale Subduction Pump), and the animal-driven pumps (diurnal and seasonal vertical migrations of zooplankton and larger animals). Here, we propose a research community approach to implement the new paradigm through the integrated study of these BCPs in the World Ocean. The framework to investigate the BCPs combines measurements from different observational platforms, i.e., oceanographic ships, satellites, moorings, and robots (gliders, floats, and robotic surface vehicles such as wavegliders and saildrones). We describe the following aspects of the proposed research framework: variables and processes to be measured in both the euphotic and twilight zones for the different BCPs; spatial and temporal scales of occurrence of the various BCPs; selection of key regions for integrated studies of the BCPs; multi-platform observational strategies; and upscaling of results from regional observations to the global ocean using deterministic models combined with data assimilation and machine learning to make the most of the wealth of unique measurements. The proposed approach has the potential not only to bring together a large multidisciplinary community of researchers, but also to usher the community toward a new era of discoveries in ocean sciences.
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INTRODUCTION: THE OCEAN BIOLOGICAL CARBON PUMP, A PARADIGM SHIFT

Until recently, the efforts of the research community studying the downward transport of biogenic carbon in the ocean were focused on the gravitational sinking of biogenic particles to depth. This mechanism was the central paradigm driving studies on the biological carbon pump (BCP), the concept of which was created by Volk and Hoffert (1985). However, a growing number of papers alluded to other pathways of biogenic carbon transfer to depth, including physical mechanisms of downward carbon injection and vertical migrations of organisms.

According to the recently formulated paradigm, the downward pumping of biogenic carbon in the ocean is performed by the combined action of six biological carbon pumps (BCPs). The word “biological” in BCP refers to the transfer of biogenic material to depth, mediated by either biological or physical processes. The six BCPs are known as the Biological Gravitational Pump, three physically mediated pumps (the Mixed Layer Pump, the Eddy Subduction Pump, the Large-scale Subduction Pump; the latter includes Ekman pumping), and two animal-mediated pumps (vertical migrations of zooplankton both diel and ontogenic) (Boyd et al., 2019). Fish, jellyfish and other animals larger than zooplankton also perform diel vertical migrations, and may thus contribute to the animal-mediated pumps (Pinti et al., 2021).

The mechanisms by which biogenic carbon is transferred to depth differ among the six BCPs. The gravitational BCP transfers carbon downwards by sinking biogenic particles. The physically driven BCPs transport particulate and dissolved organic carbon (POC and DOC, respectively) and particulate inorganic carbon (PIC; mostly calcareous plankton tests) downwards by physical injection and mixing of surface waters into the lower water column. This transport occurs over a large range of spatial and temporal scales, and is due to several physical mechanisms. In Boyd et al. (2019), the physically driven BCPs include the mixed-layer, large-scale subduction and eddy subduction pumps. The mixed-layer BCP refers to the seasonal detrainment of biogenic material following dynamic shifts in the depth of the mixed-layer (Dall’Olmo et al., 2016). The eddy subduction BCP refers to the downward advective transport by intense, small-scale vertical velocities (Omand et al., 2015). The large-scale subduction BCP primarily refers to the downward advective transport by weak, large-scale downward velocities associated with Ekman pumping (Levy et al., 2013). It should also be noted that the eddy and large-scale subduction pumps transport POC and DOC not only vertically but also laterally. The two vertical migration BCPs refer to the downward transport of carbon by migrating zooplankton, which egest (sinking fecal pellets), excrete (DOC) and respire (CO2) in the water column some of the carbon they had ingested in surface waters, but release most of it at depth where some of them also contribute carbon from their carcasses. Ultimately, most of the organic carbon transferred to depth is respired to CO2 in deep waters, and a small fraction is incorporated into the sediments. Some of the biogenic CO2 in the water column and the biogenic carbon in sediments are sequestered, i.e., stored out of contact with the atmosphere on climatically significant timescales (decades to centuries) (i.e., “Sequestration” in IPCC, 2019).

This new paradigm stresses two important aspects related to ocean carbon sequestration in the context of the progressive accumulation of anthropogenic carbon in the Earth System. First, it is considered that the vertical gradient of dissolved inorganic carbon (DIC) in the ocean (on average ∼200 μmol higher at 2000 m than at surface Keppler et al., 2020) is mainly due to the combined action of solubility pump (physical transfer of DIC from surface to depth, essentially at high latitudes in winter) and the BCPs (Levy et al., 2013), which both act against mixing processes that tend to homogenize DIC on the vertical (Volk and Hoffert, 1985; Gruber and Sarmiento, 2002). The recently recognized multiplicity of the BCPs and their combined contribution to carbon export – significantly higher than previously thought (Boyd et al., 2019) – stress the need to re-examine the contributions of the different mechanisms of downward transfer of organic carbon to the vertical DIC gradient. Second, while the BCPs do not specifically contribute to mitigate the ongoing increase in anthropogenic CO2, the biological and physical drivers of BCPs could be impacted by climate change (Bopp et al., 2013), which could result in positive feedbacks enhancing CO2 accumulation in the atmosphere (Kwon et al., 2009) and subsequently global warming. Hence, it is timely to obtain baseline knowledge on the drivers and magnitude of the different BCPs, against which to assess ongoing and future changes, and also to improve climate change models.

Here we propose a framework for an integrated observational approach of the six BCPs in the World Ocean based on the new paradigm of Boyd et al. (2019). Until recently, studies on each of the different BCPs have mainly been conducted separately. It was not recognized that these different BCPs were distinct components of a global mechanism of biogenic carbon pumping and sequestration in the ocean. Indeed, each BCP was generally investigated by specialists of a given discipline (e.g., biological, chemical or physical oceanographers, or marine biogeochemists or sedimentologists), using specific tools (i.e., observations at sea, satellite remote sensing, and/or modeling), based on observations made using one or a few of the existing observation platforms (i.e., satellites, research vessels, profiling Argo floats, gliders, and/or moorings). There was no conceptual framework to bring together the different approaches, observations and underlying processes.

The situation has changed with the recognition that the different mechanisms of biogenic matter export that had been investigated in isolation until then were complementary BCPs, each contributing in a distinctive way to downward carbon export and sequestration, often in different oceanic conditions (Boyd et al., 2019; Resplandy et al., 2019). At the same time, new methods were developed to investigate some of the BCPs, often using a time-series approach. One example is the application of measurements made with profiling BGC-Argo floats (called “floats” in the remainder of this paper, for simplicity) to quantify processes attributed to the biological gravitational pump (Estapa et al., 2017, 2019; Briggs et al., 2020; Moreau et al., 2020), the mixed layer pump (Dall’Olmo and Mork, 2014; Lacour et al., 2019), the eddy subduction pump (Llort et al., 2018), and diel vertical migrations of zooplankton (Haentjens et al., 2020). Another example is the use of gliders to address biological gravitational pump processes (Briggs et al., 2011) and investigate and quantify the eddy subduction pump (Omand et al., 2015; Stukel et al., 2017) as part of process-oriented studies. Most recently, multi-platform and multidisciplinary approaches (i.e., satellite and robotic observations associated with process studies) are being implemented in a few ocean regions. The goal is to develop in-depth comprehensive and mechanistic understanding of the link between upper layer phytoplankton production and export processes into the mesopelagic zone (e.g., Siegel et al., 2016; JETZON group Martin et al., 2020).

The above description of concurrent developments in concepts, measurements and observational platforms stresses the need to develop integrated observational approaches to quantify and better characterize the BCPs across the World Ocean, and also indicates that sensors and platforms needed to do so already exist (Chai et al., 2020) and complement the established and emerging applications based on satellite remote sensing (Brewin et al., 2021). The developing framework to investigate the BCPs should naturally combine measurements from multiple observational platforms, which presently include research vessels, satellites, instrumented moorings, and robots. The word “robots” used here and below refers to gliders and floats, and other “emerging” autonomous platforms such as unmanned surface vehicles (USVs: wavegliders and saildrones). The framework should involve biological, chemical and physical oceanographers, and marine biogeochemists and sedimentologists, combining field observations at sea, satellite remote sensing, and modeling.

Using combinations of platforms, researchers can now deploy sensors to make the observations required to simultaneously estimate key variables for the different BCPs, over relevant spatio-temporal scales. This paper proposes an integrated community observational framework to investigate the BCPs in the World Ocean to better quantify global estimates of carbon storage in the oceans and the underlying drivers of each BCP.



BIOLOGICAL CARBON PUMP VARIABLES AND PROCESSES TO BE MEASURED


Carbon Flux Metrics, and Biogeochemically Relevant Variables, Stocks, Processes and Fluxes

The various BCPs have different mechanisms, and each operates over specific spatial and temporal domains. To intercompare these BCPs and estimate their potential contributions to the total carbon fluxes at regional and global scale, specific metrics have to be defined for characterizing the magnitude and fate of carbon fluxes in the water column. The most studied BCP to date has been the biological gravitational pump, for which metrics were defined and progressively improved (Buesseler and Boyd, 2009; Buesseler et al., 2020). Fluxes are expressed in units of mass per unit area and per unit time, and three key metrics are regularly used: BCP strength, i.e., magnitude of the POC flux at a reference export depth, which is often set at the fixed value of 100 m; export ratio, i.e., downward POC flux at the reference export depth expressed as a fraction of Net Primary Production (NPP); and transfer efficiency, i.e., ratio of the POC flux at a given depth below the reference export depth expressed as a fraction of the POC flux at the export depth. Changing the reference export depth can drastically change the meaning of metrics and, for example, it was proposed that carbon flux-related studies should use as reference, instead of fixed depth (100 m), the geographically variable lower boundary of the euphotic zone (EZ, where irradiance is 1% or 0.1% of the surface value) (Buesseler and Boyd, 2009; Buesseler et al., 2020). The EZ is the zone of de novo particle production, and its base marks the beginning of the twilight zone (TZ, where there is not enough light for photosynthesis, but enough for vision).

The metrics developed for the biological gravitational BCP cannot be used directly for the five other BCPs, which either inject water with its POC and DOC content to various depths in the water column or actively transport organic carbon in the bodies of vertically migrating organisms to intermediate or deeper waters. Below the depths reached by water injection or vertical migrations, the POC transferred by the five other BCPs becomes part of the biological gravitational BCP for the remainder of its downward journey. Hence, transfer efficiency measured below the injection or vertical migration depths include the effects of the five other pumps on the POC flux.

Beside addressing the flux of biogenic carbon exported downwards from surface waters and its attenuation during its transit through the water column, an ultimate goal of carbon cycle studies is the estimation of the amount of carbon that is sequestered, i.e., stored out of contact with the atmosphere on climatically significant timescales (decades to centuries). It is often considered that the carbon stored below the bottom of the TZ (which marks the beginning of the aphotic zone, where there is not enough light for vision) is sequestered. The reference depth for sequestration is often taken as 1000 m (e.g., Legendre and Rivkin, 2005). Other authors have recently argued that the maximum annual mixed layer depth is a more appropriate reference depth horizon to estimate the flux of POC that will be ultimately sequestered (Palevsky and Doney, 2021).

However, Siegel et al. (2021) showed that the time during which organic carbon remineralized to CO2 remains in the ocean progressively increases with depth, i.e., at any depth some of the CO2 leaks rapidly to the atmosphere and a fraction is stored for a long time in the ocean. In this study, the authors showed that a larger fraction of CO2 is stored in the ocean for a longer time as depth increases, and this varies according to location in the World Ocean. The study addressed direct (industrial) injection of CO2 at different depths, but the conclusions would be the same for organic carbon transferred by BCPs and remineralized to CO2 at these depths. Implementing this approach requires the estimation of the amount of organic carbon remineralized to CO2 as it moves downwards in the water column, which can be done using the values of attenuation of the downward flux of organic carbon described in section “The Euphotic Zone Variables and Processes, and Their Measurements.”

In the present study, we consider the stocks and fluxes of biogenic carbon within and through the EZ and the TZ. Most studies of the biological gravitational pump consider particles and aggregates ≤ 10 mm, but sinking organic carbon also includes larger materials such as carcasses of dead fish and marine mammals (blue whales can reach almost 30 m). It was proposed that whaling and fisheries have reduced the potential export of sinking carbon from the EZ (Pershing et al., 2010; Mariani et al., 2020), but we do not include carcasses in the stocks and fluxes of biogenic carbon within and through the EZ and the TZ considered in the present study. Table 1 summarizes the main variables and processes that should ideally be measured in the two zones of the water column.


TABLE 1. Availability of methods and sensors for measuring or estimating biogeochemically relevant variables, stocks, processes and fluxes in the EZ and TZ potentially involved in the BCPs using different sampling platforms.

[image: Table 1]
Supplementary Table 1 details the methods and sensors to measure or estimate the variables and processes described in this section. Most of the methods and sensors in the Table presently exist, and a few other are in development. In addition, all the variables in the Table have already been measured or estimated from at least one of the following observation platforms: satellites, ships, robots, moorings.



The Euphotic Zone Variables and Processes, and Their Measurements


The Euphotic Zone Variables and Processes

The key stocks to be systematically measured in the EZ primarily include POC, DOC and PIC. These stocks are the sources of the biogenic carbon exported by gravitational sinking and/or the physically or animal-meditated BCPs. The passive optics-based measurements important for BCP studies are the reflectance, which is a measurement of ocean color from the ratio of spectral upwelling radiance to spectral downwelling irradiance, and the diffuse attenuation coefficient, which quantifies the exponential decrease of light with depth as influenced by optically significant substances (phytoplankton, colored dissolved organic matter). These measurements are essential to retrieve key EZ variables both from space and in situ [e.g., Chlorophyll a (Chla), phytoplankton communities, see below], and will likely be improved in the near feature using hyperspectral radiometry on both satellites and in situ platforms (Uitz et al., 2015).

Other key variables are phytoplankton biomass, through its conventional proxy Chla, community composition, and particle size distribution. In carbon biogeochemical studies, phytoplankton community composition refers to broad groups whose abundances can be quantified based on optical properties or photosynthetic pigment composition, e.g., diatoms, coccolithophores, and other large and small phytoplankton (Uitz et al., 2006; Cetinic et al., 2015; Chase et al., 2020). Phytoplankton biomass, community composition and particle size distribution influence food web pathways, largely determine the paths of algal carbon through the food webs (Michaels and Silver, 1988; Legendre and Lefevre, 1995; Boyd and Newton, 1999; Leung et al., 2021), and are thus key drivers of the export ratio and the transfer efficiency of carbon from the EZ to the TZ. The broad phytoplankton groups can also be estimated from space (Alvain et al., 2005; Uitz et al., 2006; IOCCG, 2014; Bracher et al., 2017; El Hourany et al., 2019), and are among the key variables of ocean biogeochemical models, where such groups and broad zooplankton assemblages are called plankton functional types (Le Quéré et al., 2005; Aumont et al., 2015; Dutkiewicz et al., 2015). Particle size distribution can also be estimated from space (Kostadinov et al., 2009, 2010).

The concentrations of dissolved nitrate, oxygen and inorganic carbon (NO3, O2 and DIC, respectively) are essential complementary measurements for at least two reasons. First, NO3 is generally the main limiting nutrient, and consequently a key variable in biogeochemical models where N is often the “currency” used for variables and fluxes. Second, temporal variations in NO3, O2 and DIC at appropriate timescales can be used to estimate the carbon flux called Net Community Production (NCP, i.e., phytoplankton production minus pelagic community respiration).

The NCP is an essential quantity to be measured as it provides an estimate of how much organic carbon can potentially be exported from the EZ to the TZ. This estimate is required to assess whether the downward flux of organic carbon transferred from the EZ to the TZ by the combined six BCPs during one year or longer is in balance with the remineralization of organic carbon to CO2 within the TZ plus its export below the TZ into the aphotic zone. However, to potentially assess such a balance (or unbalance), the choice of the temporal scale over which NCP is integrated is critical. Given that the various BCPs have distinctive periods or seasons of occurrence (Boyd et al., 2019; Resplandy et al., 2019, see section “Spatial and Temporal Scales of Occurrence of the Various Pumps”), it is imperative to assess the NCP over at least one full year (annual NCP). This ensures that the variations linked to all BCPs are captured, and is the best way for closing the carbon budget.

Additionally, consecutive vertical Chla profiles can be combined in bio-optical models to estimate NPP (defined in section “Carbon Flux Metrics, and Biogeochemically Relevant Variables, Stocks, Processes and Fluxes”), which provides a broad framework for the analysis of BCPs and is sometimes essential for the estimation of key metrics (e.g., export ratio). Similarly, the CO2 fluxes derived from pCO2 measurements at the ocean-atmosphere interface, although not strictly required for the purpose of quantifying the BCPs, can potentially provide a complementary measurement to refine the BCPs’ roles in given ocean regions by amplifying or mitigating their impact on carbon sequestration according to the sign of the CO2 fluxes (i.e., sink vs source).

In addition, information on zooplankton abundance in the EZ at different times of the day (diel migrations) and across different seasons (ontogenic migrations) is essential to estimate the roles of the diel and ontogenic vertical migration pumps. The minimum information required to place bounds on the magnitudes of these BCPs are measurements of zooplankton biomass and/or abundance, if possible for different functional types such as gelatinous and crustacean zooplankton (e.g., Le Quéré et al., 2005).



The Euphotic Zone Measurements – From Satellites to Ships to Miniature Sensors

For more than a century, measurements of the above EZ variables and processes have been conducted on samples collected from oceanographic ships, and there is no need to review the methods of these measurements here as they are well known. In the last few decades, specialists of ocean remote sensing have also devised algorithms to estimate most of the carbon EZ variables from satellite information, except those pertaining to zooplankton although some recent studies have proposed approaches to derive zooplankton or animal biomass from satellite data. The latter approaches include direct estimation of the biomass of a highly concentrated swarm of colored zooplankton (Basedow et al., 2019), indirect assessment of the distribution of zooplankton biomass in the North Atlantic from satellite derived-indicators (Druon et al., 2019), and daily vertical migrations of ocean animals at the global scale using LIDAR (Behrenfeld et al., 2019).

Overall, satellite-based approaches are essential for upscaling observations of local processes associated with any of the BCPs to regional and even global scales. Furthermore, satellite observations are expected to be increasingly used in the future with the ongoing and planned diversification of satellite sensors, e.g., the Surface Water and Ocean Topography (SWOT) altimeter, which will allow to increase the resolution of sub-mesoscale processes associated with the eddy subduction BCP (Morrow et al., 2019); the Plankton, Aerosol, Cloud ocean Ecosystem (PACE) hyperspectral ocean color instrument, which may provide detailed phytoplankton functional types in ocean surface waters (Groom et al., 2019); and new sensors to be developed using LIDAR and polarimetry, which are expected to provide depth-resolved surface properties as well as information on particle morphology and chemical composition (Jamet et al., 2019).

In the last decades, electronic, optical and other sensors have progressively allowed the in situ estimation of most of the above EZ variables, including some pertaining to zooplankton, and these sensors have been deployed from oceanographic ships or on instrumented moorings. In the last two decades, miniature versions of several of these sensors were deployed on such autonomous platforms as gliders and floats. Autonomous platforms with miniature sensors provide the operational tools required for understanding and quantifying the different BCPs. Indeed, the deployment of multi-instrumented autonomous platforms can fill observational gaps over ranges of spatial and temporal scales that were out of reach until recently. They can in particular operate in areas (e.g., high latitudes) and at times of the year (e.g., winter) critical for the assessment of some BCPs (e.g., mixed layer and eddy subduction pumps) where and when other observation platforms can hardly be operated or used efficiently, such as ships (harsh sea conditions) or satellites (thick cloud cover). Additionally, because autonomous platforms are able to operate over long time periods (seasons to years), they could potentially assess the temporal succession in dominance of different BCPs and their possible interactions. Finally, long-term operation of autonomous platforms also ensures they will observe and record key events such as successive phases of vertical mixing or those of the spring phytoplankton bloom and their effects on BCPs, which events could be missed or be only partly observed by other platforms.

Given that the miniature sensors mounted on autonomous platforms are relatively recent and the uses of all of them are not necessarily known by the whole community, we briefly describe these sensors and their applications in BCP studies here (extensive reviews can be found in Roemmich et al., 2019; Chai et al., 2020; Claustre et al., 2020). The use of autonomous platforms equipped with miniature sensors to investigate the different BCPs is detailed in section “Implementing the Paradigm Shift: A Multiplatform Observation Strategy.”

Miniature active optical sensors with low electrical consumption measuring Chla fluorescence (FChla, fluorometer), the particle backscattering coefficient (bbp, backscattering meter) and the particle light attenuation coefficient (cp, transmissometer) have been deployed on floats, gliders and moorings, where they have provided comprehensive (long-term) time series of phytoplankton and POC stocks (Boss and Behrenfeld, 2010; Mignot et al., 2018). These remotely acquired measurements were not only complementary of those derived from satellite data, but also provided better understanding of the processes at play. For example, short-term phytoplankton blooms in the North Atlantic during winter (i.e., well before the “spring” bloom) were discovered by examining float time-series of Chla and bbp (Lacour et al., 2017) (see section “Toward a New Era of Discoveries”). Also, explicit links between bloom dynamics in the EZ and export processes to the TZ were evidenced using information on phytoplankton particles in the water column collected by gliders (Briggs et al., 2011) and subsequently floats (Briggs et al., 2020).

Furthermore, the combination of different active optical measurements, sometimes using complementary ship-acquired data, led to improved description of community composition (Cetinic et al., 2015), including the succession of blooms of various phytoplankton groups over several seasonal cycles (Rembauville et al., 2017) and the declining phases of coccolithophorid blooms (Xing et al., 2014; Terrats et al., 2020). When bbp or cp are measured with high vertical resolution, their variance in the EZ can be inverted into average particle size (Briggs et al., 2013), which provides a complementary and independent assessment of phytoplankton community structure as well as a surface indication of potential export to the TZ (Rembauville et al., 2017). Finally and taking advantage of birefringent properties of calcite (Guay and Bishop, 2002), on-going development of transmissometer with polarization detection capabilities should provide direct in situ quantification of PIC (Neukermanns, pers. comm.).

In recent years, several approaches have been developed to estimate the annual NCP using time series of chemical measurements related to phytoplankton dynamics (O2, pH, or NO3), which are generally acquired by floats. The principle of these methods is as follows: first, a mixed-layer physical model is developed in which O2, DIC or NO3 are considered as passive tracers (Plant et al., 2016; Briggs et al., 2018); and second, the model values are subtracted from those measured by the float, which encompass both physical and biological signals, thus providing the active biological signal. The estimation of NCP based on different variables produces different estimates, which can be used to constrain the NCP value (Briggs et al., 2018).

Based on empirical relationships between NCP and DOC determined from ship-based measurement at station PAPA in the North Pacific, (Bif and Hansell, 2019) were able to infer DOC time series from corresponding NO3 observations acquired by floats. Such DOC-inferred (virtual) measurements are of potential interest for better constraining total carbon export (i.e., POC + DOC) by physically mediated pumps (i.e., mixed layer or eddy subduction pumps; see section “The Twilight Zone Variables and Processes, and Their Measurement” below). In addition, the concentration of DOC in the EZ and its subsequent physical transport through to the TZ (by the mixed layer and eddy subduction pumps) can be estimated with approaches similar to those used for particles (Llort et al., 2018; Lacour et al., 2019), but it is not possible to estimate DOC in the TZ at present.

Finally, in the same way as used to infer DOC (Bif and Hansell, 2019), artificial intelligence methods combine P, T, S, and O2 measured by floats (or any other platform) to accurately predict vertical profiles of seven “virtual” variables. These are three macronutrients (NO3, PO4, and Si(OH)4) and the four parameters of the carbonate system (pCO2, pH, alkalinity, and DIC) (Sauzède et al., 2017; Bittig et al., 2018). Temporal variations in virtual variables could be used to estimate processes in both the EZ and the TZ.




The Twilight Zone Variables and Processes, and Their Measurement

In the TZ, two main types of measurements are needed, the first is required to improve the understanding of mechanisms, and the second to help constrain the vertical budgets of chemical elements, primarily carbon. Variables and processes of the first type are used to characterize the various pumps that transfer POC, PIC and DOC from the EZ down to different depth horizons in the TZ and below (see sections “Gravitational Pump” to “Seasonal Migration Pump”), and those of the second type, essentially related to the biological gravitational pump, are used to characterize the mesopelagic particles and to constrain the processes that determine the vertical attenuation of the particle flux within the EZ (see section “Characterization of Mesopelagic Particles”). Vertical attenuation generally refers to the decrease in the total amount of sinking POC with increasing depth.

Table 2 summarizes the range of depths potentially reached by the POC and DOC transferred from the EZ to depth by each of the six BCPs. The Table shows that the six pumps contribute to transfer organic particles to depth, but only the physical injection pumps also transfer dissolved organic compounds from EZ waters, where they are produced by phytoplankton and the food web. It is assumed in Table 2 that each of the three physically driven pumps will inject both POC and DOC from the EZ to the TZ, whereas only POC will be carried downwards by the biological gravitational and zooplankton migration pumps. It is also known that the remineralization of POC and DOC at greater depths releases CO2 in the water column that will remain in the ocean for longer average times before escaping to the atmosphere (Siegel et al., 2021). As explained in Section 1, the long-term storage of CO2 on climatically significant timescales (decadal to century) is called carbon sequestration, and Siegel et al. (2021) show the fraction of sequestered CO2 at different depths depends on the conditions of vertical mixing and circulation.


TABLE 2. Range of depths generally reached by the downward transfer of POC and DOC by the six BCPs.
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Table 2 shows that the biological gravitational pump transfers POC to great depths, although the food web respires to CO2 most of the POC sinking from the EZ during its downward transit. The three physical injection pumps and the two vertical migration pumps transfer POC to different depths in the TZ, below which this POC continues its downward journey as part of the biological gravitational pump. Because the transfer of POC by the five non-gravitational pumps is rapid, it bypasses remineralization in the upper water column above the delivery depth of each pump. This depth may vary considerably among regions and seasonally, and it is thus important to characterize it for the five pumps in order to obtain realistic carbon budgets in the TZ. This also stresses the importance of characterizing mesopelagic particles in the TZ. It is generally assumed that most of the DOC carried into the TZ by the three physical particle injection pumps and the DOC released there by the food web is respired to CO2 by bacteria in the TZ. Some of this DOC may be transformed into refractory DOC (mean radiocarbon age of thousands of years; Hansell, 2013), and thus become part of the microbial carbon pump (Jiao et al., 2011; Legendre et al., 2015).

Measurements of TZ variables and processes have been conducted from oceanographic ships for more than a century, and using instrumented moorings since several decades. These measurements cannot be made from satellite remote sensing, although some TZ variables, such as POC (or its proxy backscattering, bbp), can be estimated from remotely sensed information combined with parameters derived from in situ observations over the water column (EZ + TZ) (Sauzède et al., 2016; Sauzède et al., 2020). These approaches are reviewed in CEOS (2014) and Siegel et al. (2016), and one is mentioned in the next section in relation with the biological gravitational pump. We briefly explain below the approaches used to estimate TZ variables and processes for each of the six BCPs, with some emphasis on those made from autonomous platforms for the same reason as in section “The Euphotic Zone Measurements – From Satellites to Ships to Miniature Sensors.”


Gravitational Pump

Historically, the downward particle flux of the biological gravitational pump has been estimated in situ from either moored sediment traps (Martin et al., 1987; Honjo et al., 2008), ship-based measurement of thorium-234 disequilibrium in particles (Buesseler et al., 2001), or vertical profiles of particle size spectra measured with the Underwater Video Profiler (Guidi et al., 2009). In parallel, global methods have been proposed based on satellite remote sensing combined with empirical models of POC export and attenuation (e.g., Henson et al., 2012; Guidi et al., 2015) or food-web models (Siegel et al., 2014). Given the large uncertainties on the global and regional estimates from these methods (e.g., Boyd et al., 2019), new observational approaches are needed to better assess the spatio-temporal variability of the biological gravitational pump, and identify and quantify its main drivers.

Additionally, the biological gravitational flux estimated from POC collected in moored sediment traps or using models based on trap data encompass the contribution of POC by the physically and biologically mediated pumps in the TZ. This could lead to double accounting (Boyd et al., 2019) if the deep POC flux was entirely ascribed to the sole biological gravitational pump without taking into account the specific contributions of the other BCPs to the POC flux in the TZ. The implementation of new observational methods will provide the information required to assess the contribution of each BCP to the biogenic carbon flux at different depths in the TZ, and thus prevent double accounting.

As explained above for the EZ (see section “The Euphotic Zone Measurements – From Satellites to Ships to Miniature Sensors”), information on phytoplankton and POC can be derived from measurements of miniature sensors based on optics (FChla, bbp and cp) or imagery (Underwater Vision Profiler, UVP), which have been or are being implemented on floats, gliders and moorings. The UVP provides in situ measurements of particles > 100 μm and zooplankton (Picheral et al., 2010), and a miniaturized version of the sensor is being deployed on robots (Claustre et al., 2020). Vertical profiles of UVP particles were also used to estimate particle flux attenuation and its spatio-temporal variability (Guidi et al., 2009, 2015). In addition, the Optical Sediment Trap (OST), introduced by Bishop et al. (2004), Bishop (2009) and improved by Estapa et al. (2013, 2017, 2019), can be used to quantify the downward flux of particles at any depth, including just below the EZ, over long periods of time (years). The principle is the collection of sinking particles on the upward-facing window of a vertically oriented transmissometer on a float, which can be flushed clean through a pumping system at regular intervals (Bishop and Wood, 2009). The recorded signal can be split into two components, i.e., a relatively steady flux of small particles, and a mainly stochastic flux of large particles. The depth at which a float drifts determines which component of the biological gravitational pump is quantified, e.g., export from the EZ, particle attenuation at various depths in the TZ, or remaining flux below the TZ. Robotic approaches can thus complement sediment traps and thorium-234-based methods for estimating the particle flux and its vertical attenuation within the TZ.

Optical sediment traps on floats drifting at “parking depth” (e.g., 1000 m) intercept sinking particles of the biological gravitational pump, and also particles carried downwards by other pumps depending on their activities. The same is true of conventional sediment traps. Deconvoluting the trap signal into its pump components is possible using additional independent and concurrent measurements, such as vertical particle size distributions and zooplankton abundances on the vertical (UVP). Trap measurements at given depths provide maximum estimates in the magnitude of the biological gravitational pump at this depth, i.e., assuming no contributions from other BCPs.

Miniaturized sensors are now being deployed on robots, where they enable the characterization of sinking particles within the TZ and the processes that control their fate. For example, bbp can be divided into three types of particles, i.e., small refractory (background), small labile, and large fast-sinking (Briggs et al., 2020), provided that the profiles are acquired with high vertical resolution (∼1 m). These components can be used to quantify the fragmentation rate of large particles into suspended ones (Briggs et al., 2020), or changes in the sinking rate of large particles (Briggs, pers. comm.) In addition, the deployment of miniaturized UVP on robots will provide detailed quantitative information on large-particle stocks in terms of sizes and types, i.e., fecal pellets, phyto-aggregates, marine snow, and zooplankton taxa. Furthermore, combining backscattering and transmissometer measurements enabled the derivation of the backscattering ratio of the particle assemblage, which was inverted into the refractive index (Twardowski et al., 2001), whose low values were related to labile organic material and high values were typical of refractory organic or mineral material. The refractive index is a dimensionless quantity characterizing the behavior of light within a particle with respect to water. Its values are used to infer the presence of calcite-ballasted particles in the TZ after coccolithophorid blooms in the EZ (Neukermanns et al., pers. comm.).

The above techniques, methods and sensors for characterizing the types of particles or quantifying vertical POC flux attenuation were developed and generally implemented independently from each other in the past. From now on and for the first time, the ongoing progress in robot technology (e.g., new and more flexible electronics, additional batteries for extended missions, and more sensors) will allow the simultaneous implementation of several of these methods (or all of them) on the same platforms, which is expected to become a usual community approach in the near future. This will create unique opportunities to develop new synergistic methods to characterize the particles involved in vertical fluxes, and quantify these fluxes for a wide range of spatial and temporal domains (Nayak and Twardowski, 2020).



Mixed Layer Pump

The mixed layer pump is a 2-D mechanism (spatio-temporal dimensions: vertical and time) that can occur over different time scales, and results from stratification-mixing cycles causing an entrainment-detrainment cycle of particles between surface and deeper waters. The first occurrence of the mixed layer pump was actually identified at the seasonal scale for DOC before it was recognized for POC (Copin-Montegut and Avril, 1993) and modeled (Levy et al., 1998). At the seasonal time scale, shoaling of the mixed layer in spring followed by isolation of a particle-laden stratum was evidenced through time-series of vertical profiles of density and backscattering acquired by floats (Dall’Olmo and Mork, 2014; Kheireddine et al., 2020). Global estimation of the mixed layer pump associated with late winter-spring transitioning was proposed and implemented by Dall’Olmo et al. (2016), using annual time-series of satellite- derived surface POC within the mixed layer estimated from temperature and salinity data from Argo floats collocated with satellite data. At the intra-seasonal time scale, model results (Resplandy et al., 2019) suggest that small-scale heterogeneity of the mixed layer can drive intermittent export events. The strong horizontal variability of satellite surface chlorophyll observations in late winter and early spring supports the view of intermittent dilution events (also observed with autonomous profiling floats) at intra-seasonal time scale (Lacour et al., 2017; Keerthi et al., 2021).

Alternative methods have been proposed to estimate POC fluxes associated with events belonging to the mixed layer pump using simultaneous vertical profiles of FChla to estimate mixing layer depth, i.e., the effective layer where mixing does occur), density (to estimate mixed layer depth, i.e., resulting from long-term mixing) and bbp (to estimate POC) (Lacour et al., 2019). Glider measurements of bbp (to estimate POC) in the northeast Atlantic during one year provided high-frequency observations of export from the EZ showing that the mixed layer pump contributed between 5% and 25% of the total sinking and injected export flux (Bol et al., 2018).



Eddy Subduction Pump

The eddy subduction pump is a complex 3-D process (spatio-temporal dimensions: vertical, horizontal and time). Comprehensive understanding and quantification of this pump require high-resolution transects of POC with towed instruments (Stukel et al., 2017) or gliders (Omand et al., 2015) to evidence anomalies along vertical profiles (e.g., increases in POC and/or O2 content at a given depth horizon that are not due to a deep chlorophyll maximum). Converting the POC anomalies in the water column into POC fluxes from such observations requires additional constraints on vertical velocities that are difficult to estimate from observations (Pietri et al., 2021) and are generally derived from models (Omand et al., 2015; Stukel et al., 2017).

Floats are not a priori the best platforms for characterizing the full 3-D structure of a eddy subduction event, but anomalies in vertical profiles of biogeochemical properties recorded by floats can be used to quantify the eddy subduction pump using constraints on vertical velocities (Llort et al., 2018). Given the widespread and expected future global distribution of floats, mapping such anomalies could provide the best way to quantify the global contribution of eddy subduction to the pumping of biogenic carbon, and characterize its spatial and temporal variability. The float approach would provide complements to process studies conducted with towed instrument and/or gliders. A remaining uncertainty concerns the role of small-scale upward vertical velocities, as model results suggest that the downward flux of the eddy subduction pump might be largely compensated by an upward eddy flux (Resplandy et al., 2019). Methods based on anomalies in vertical profiles may provide an upper bound for the eddy subduction pump, and models could be used to constrain the net eddy subduction flux derived from in situ measurements, e.g., from floats.



Large-Scale Subduction Pump

In the case of purely vertical transport across a fixed export depth, the large-scale subduction pump reduces to the Ekman pump, i.e., the transport of POC and DOC from the seasonal mixed layer into the ocean interior by large-scale wind-driven Ekman pumping. However, some authors suggested the use of a varying export depth (e.g., Buesseler et al., 2020), in which case the large-scale subduction pump includes, in addition to Ekman pumping, an horizontal transport component across the horizontal gradient of the varying export depth.

Estimating the magnitude of the large-scale subduction pump requires the integration of large numbers of measurements of physical and geochemical properties made at the scale of ocean basins and over annual cycles, which raises issues of matching and merging measurements made at different space and time scales. It may also be that velocities derived from circulation models would be enough for the physical component. Assessing future changes in this pump will involve the integration of data in different ocean basins, including measurements from gliders, floats, moorings, ships, USVs and remote sensing, and estimating these changes will likely be based on modeling (e.g., Resplandy et al., 2019), in particular involving data assimilation (DeVries and Weber, 2017; Verdy and Mazloff, 2017).



Diel Vertical Migration Pump

Historically, the way to address the effect of diel vertical migrations of zooplankton on carbon export has been indirect. Methods have generally relied on estimating the biomass of migrant organisms combined with relationships linking their specific metabolic rates (e.g., respiration, excretion, egestion) to their biomasses or size using allometric relationships. The estimation of migrants was derived from plankton net hauls (Giering et al., 2014; Kiko and Hauss, 2019) or high-frequency sonar (Giorli et al., 2018) or UVP (Kiko et al., 2020) measurements, while metabolic rates were generally estimated on live plankton on board ships or in the laboratory (e.g., Ikeda, 2014).

In addition, fish, jellyfish and other animals larger than zooplankton perform diel vertical migrations, but had not generally been considered as part of the diel vertical migration pump. However, these organisms may actively transport significant amounts of carbon from the EZ deep into the TZ, and thus contribute to the diel vertical migration pump (Pinti et al., 2021). Studies based on acoustic sensors carried by gliders (Reiss et al., 2021) or USV (saildrones) (De Robertis et al., 2021) have showcased the potential of this approach to monitor macrozooplankton or fish. Such technological advances may become tools of choice for characterizing diel vertical migrations of large organisms, but their role is not explicitly considered in the remainder of this paper or included in Figure 1 because the study advocating it (Pinti et al., 2021) has not been published in peer-reviewed literature as yet.
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FIGURE 1. Semiquantitative representation of spatial (geographical, horizontal) and temporal scales of important marine physical dynamic (red ellipses) and ecosystem (blue ellipses) processes (modified from Chai et al., 2020, Figure 2). (A) Filled ellipses: processes of significance to BCPs. (B) BCP-relevant processes from panel (A) (ellipses) and spatio-temporal ranges of five observation platforms (rectangles): satellites, ships, floats, gliders, and moorings. The geographical ranges of fleets of mobile platforms and mooring networks will be wider than those of individual mobile platforms and moorings illustrated in panel (B).


Expected improvements in understanding and quantifying the diel vertical migration pump will rely on the possibility of estimating the biomasses of migrant organisms from robotic measurements at high temporal resolution (e.g., twice a day) and over the full annual cycle. Potential for this has been showcased using anomalies in optical measurements (FChla, bbp, CDOM) from floats (Boyd et al., 2019). Such anomalies were later analyzed in a more systematic way to characterize the regional and seasonal variability of diel vertical migrations from a BGC-Argo database (Haentjens et al., 2020). Micro-sonar sensors mounted on elephant seals (Goulet et al., 2019) have shown clear signatures of diel vertical migration (Guinet, pers. comm.), and these low-electrical consumption sensors have a strong potential to be implemented on floats and gliders. Finally, miniature UVPs deployed on floats, gliders and moorings could be used to quantify (using on-board Artificial Intelligence) the characteristics of particles and the main groups of mesozooplankton, including those performing diel vertical migrations.

As in the case of the biological gravitational pump (see section “Gravitational Pump”), it is expected that additional, possibly yet unanticipated, understanding of the diel migration pump will result from combining sensors that had been used independently until now. This refers to the simultaneous deployment of acoustic and imaging sensors (e.g., Goulet et al., 2019; Picheral et al., 2021) on the same platforms, especially that these methods are non-intrusive and should thus not suffer (which remains to be confirmed) from the same sampling bias as plankton net hauls (e.g., Catul et al., 2011). Imaging and acoustics measurements made by the same robots would directly link the acoustic signals to organisms on the images, and the resulting relationships would be useful for estimating the biomasses of migrating animals detected by acoustics at large spatio-temporal scales.



Seasonal Migration Pump

The ontogenic migration pump, also called seasonal lipid pump (Jonasdottir et al., 2015), is a regional high-latitude process that can be estimated by the same approaches as those used to quantify the diel vertical migration pump, i.e., combining biomass estimates with specific metabolic rates. The biomass of overwintering copepods was sometimes estimated by ship-based winter surveys, but the required extensive cruises are very difficult to conduct in the harsh high-latitude seas during these periods.

As was the case for diel vertical migrations, sampling with robots equipped with optical, imaging and acoustic sensors could provide the spatio-temporal information required to properly quantify this presently highly unconstrained pump. However, copepods Calanus hyperboreus were observed to overwinter in layers a few tens of meters thick just above the seabed in waters > 2000 m in the northern North Atlantic (Visser et al., 2017, and refs. therein), and detecting such layers of organisms near the seabed will be a technical challenge. Addressing the ontogenic migration pump would thus use these same tools as for the diel vertical migration pump, but would be more specific in term of the locations targeted, i.e., high-latitude areas.



Characterization of Mesopelagic Particles

The nature of particles in the TZ (i.e., large vs. small, labile organic vs. refractory organic or mineral) is of paramount importance to assess the fate of POC transferred to depth by the six BCPs, as explained above (third paragraph of section “The Twilight Zone Variables and Processes, and Their Measurement”). In addition, this information is required for estimating the efficiency of the six BCPs, defined as the time during which the exported biogenic carbon is sequestered from the atmosphere in the ocean (Boyd et al., 2019). Existing optical and imagery sensors can now be used to characterize particle assemblages as could never be done in the past (Nayak and Twardowski, 2020). Indeed, it was explained in section “Gravitational Pump” how these sensors deployed on robots provide estimates of the following categories of sinking particles that impact BCP efficiency: small refractory, small labile, and fast-sinking large particles; for the large particles, the sizes of fecal pellets, phyto-aggregates and marine snow; the refractive index, whose low values are related to labile organic material and high values are typical of refractory organic or mineral material; and the presence of calcite-ballasted particles in the TZ after coccolithophorid blooms in the EZ, inferred from the refractive index.

Following the decline of any type of phytoplankton bloom, the fragmentation of large aggregates into suspended particles may be of key importance for balancing the TZ carbon budget (Giering et al., 2014). In high-latitude areas, it was shown that on average 50% of the attenuation of the downward biomass flux of post-bloom aggregates is due to their fragmentation into smaller-sized suspended particles (Briggs et al., 2020). The method is based on the analysis of spikes in vertical profiles of optical proxies, which reflect the alteration of particle characteristics (Chla, bbp) along the profiles (Briggs et al., 2011). It could be complemented by concurrent UVP measurements, for better defining the types of particles involved in the fragmentation. Finally, the downward flux of particles quantified by the OST technique (Estapa et al., 2017) could also be characterized using the types of particles (e.g., large vs. small) in the sinking assemblages recognized in simultaneous UVP records.





SPATIAL AND TEMPORAL SCALES OF OCCURRENCE OF THE VARIOUS PUMPS

Until recently, it was thought that the biological pumping of carbon to depth in the ocean was mostly linked to the spring phytoplankton bloom, via gravitational sinking of organic particles. As a consequence of this paradigm, many ship-based programs on the biological pump were conducted at temperate or sub-polar latitudes in late winter or early spring, as these regions and periods offered the highest probability of encountering large phytoplankton blooms. The corollary is that several other regions and/or periods were poorly sampled or neglected, and the other BCPs were largely ignored. The emergence of a broader vision of the various export mechanisms of biogenic carbon from the EZ to the TZ and carbon sequestration at depth (Boyd et al., 2019) led to the recognition that the pumping of biogenic carbon is more complex than previously thought. The new paradigm not only involves multiple export mechanisms, but also considers that each of them occurs at distinctive spatial and temporal scales (Boyd et al., 2019).

The modeling study of Resplandy et al. (2019), which considers the combined effects of four BCPs –gravitational, mixed layer, eddy subduction, and Ekman (i.e., the two zooplankton migration pumps are not taken into account) – and considers a large region of the North Atlantic Ocean (between the sub-tropical and sub-polar gyres), showcases the critical spatial and temporal scales of occurrence of each pump. The magnitude of the gravitational and physical-injection BCPs is much higher in the sub-polar areas than in the sub-tropical gyres, indicating that the various export processes are region- and even latitude-dependent. In addition, the physically mediated BCPs are dominant in winter-early spring, and the biological gravitational pump is mainly active in spring. We already know from other studies that ontogenic migrations essentially occur in the summer and early autumn at high latitudes (Kobari et al., 2010; Jonasdottir et al., 2015; Boyd et al., 2019). Similarly, diurnal migrations are both region-dependent (Bianchi et al., 2013) and season-dependent as light is their main trigger (Cottier et al., 2006). Hence, the temporal succession of the various transfer mechanisms appears highly constrained by seasonality, which is generally stronger at higher than lower latitudes.

The present field estimates of the respective contributions of the various mechanisms to the biological pumping of carbon are still preliminary, and are presently quite disconnected as they rely on independent studies that each focused on one or a few BCPs (Boyd et al., 2019). The challenge from now on is to develop approaches that investigate the various BCPs in integrated ways, and address not only several pumps but also possible biogeochemical links and interactions among them.

Figure 1A illustrates the spatial (geographic) and temporal scales of important marine physical dynamic (red ellipses) and ecosystem (blue ellipses) processes, and highlights the processes of significance to BCPs (filled ellipses). The spatio-temporal range of any ellipse is debatable, and only provides an indication of the spatial and temporal extent of the process. Overall, Figure 1A generally shows that the combined spatial scales of the BCP-relevant processes range between about 10 m and 1000 km, and the combined temporal scales range between about one day and 10 years. It follows that sampling strategies for investigating the BCPs should be designed to capture variability over this spatio-temporal range. These strategies are examined in the next sections (Figure 1B is discussed in section “Implementing the paradigm Shift: A Multiplatform Observation Strategy”).

In order to capture the variability of the various BCPs and the sequence of their occurrences and magnitudes according to regions and seasons, their characteristics should be measured at a variety of locations over several years. At each location, many different variables and fluxes should be measured in the EZ and the TZ (see section “Biological Carbon Pump Variables and Processes to be Measured”) over appropriate temporal scales. As the resources for making the observations will always be limited, cost-effective observational strategies should be developed, and each of these strategies should maximize the scientific return with respect to the observational effort. In this context, a first important prerequisite will be the careful selection of sampling regions (see section “Selecting Representative Regions and Sampling Depths for Integrated Studies of the Pumps”). A second prerequisite for cost effectiveness will be the definition of appropriate observational strategies to get the required information in each region (see section “Implementing the Paradigm Shift: A Multiplatform Observation Strategy”). Finally, the upscaling of regional information to the global scale, in particular through models assimilating biogeochemical data (Verdy and Mazloff, 2017), will require the implementation of similar observation strategies in several key regions or even at the global scale (see section “From Regional Knowledge to Global Scale”).



SELECTING REPRESENTATIVE REGIONS AND SAMPLING DEPTHS FOR INTEGRATED STUDIES OF THE PUMPS

The selection of representative regions should be primarily based on existing knowledge concerning the global distributions of the BCPs. For example, the magnitude of the gravitational and the three physically driven pumps varied among the subpolar, jet and subtropical regions in a modeling study, and the contributions of the four pumps to total export from the EZ varied during the course of the year (Resplandy et al., 2019). Similarly, field-based studies have shown enhanced activity of some of the BCPs at high latitudes at different times of the year (Boyd et al., 2019), i.e., biological gravitational pump in spring and early summer (e.g., Briggs et al., 2011, 2020), mixed layer and eddy subduction pumps during the winter-spring transition (e.g., Omand et al., 2015; Dall’Olmo et al., 2016), and ontogenic migration pump during the summer-autumn transition (Jonasdottir et al., 2015). In contrast, the large-scale subduction pump is active the whole year in subtropical gyres.

Beside this general framework, a pragmatic and cost-effective approach for selection of regions could be guided by the following two simple principles. First, representative regions should together cover the wide range of export regimes already identified by studies on the biological gravitational pump. This means covering as comprehensively as possible the space domain corresponding to the wide range of observed values of transfer efficiency vs. export ratio (defined in section “The Euphotic Zone Variables and Processes”) (Buesseler and Boyd, 2009; Buesseler et al., 2020). It would also anchor future studies to the existing information concerning the different export regimes, while providing additional resolution and improved (mechanistic) understanding. Second, at least some of these regions should be located in waters where different biologically and/or physically mediated BCPs present clear signals, including situations when they co-occur or occur sequentially (Stukel et al., 2017). The latter information could be derived from models (Resplandy et al., 2019) and/or in situ observations (Jonasdottir et al., 2015).

Another way of selecting representative regions could be to focus on the range of spatio-temporal variability of two main determinants of the amount of biogenic carbon transferred to depth by the BCPs, i.e. (1) the drivers of phytoplankton growth, because they set the magnitude of potential export, and (2) the key driving characteristics of each BCP, which determine the main routes of organic carbon transport from surface to depth.

First, the primary drivers of phytoplankton growth are euphotic-zone irradiance and the supply of nutrients. At the large scale, the dominant variability in euphotic-zone irradiance and nutrient supply is modulated by the regimes of mixing and stratification, which determine how phytoplankton use the two primary resources. The distributions of euphotic-zone irradiance, nutrient supply and mixing-stratification generally show latitudinal gradients. Hence, selecting regions along a gradient from poles to equator would encompass the dominant drivers of phytoplankton growth. At a given latitude, the nutrient status of water masses could be partitioned into iron-replete or iron-deficient, the latter determining High-Nutrient Low-Chlorophyll (HNLC) regions. At high latitudes, the Southern Ocean and North Pacific HNLCs contrast with the iron-replete North Atlantic Ocean. At low latitudes, the Equatorial Pacific HNLC contrasts with the iron-replete Equatorial Atlantic and Indian Oceans.

Second, the drivers of the different BCPs are quite diverse. The mixed layer pump is primarily driven by the magnitude of mixing and the intermittency in conditions of mixing-restratification at high- and mid-latitudes during the winter-spring transition, which depend on the heat flux and wind stress. The eddy subduction pump is related to the intensity of eddy activity, which is variable regionally and seasonally, and is strongest close to western boundary currents (Ajayi et al., 2020). The large-scale subduction pump is strongest in the center of oligotrophic subtropical gyres, and is permanent. Diurnal vertical migrations are essentially driven by light (e.g., Cohen and Forward, 2009), of which the distribution depends on latitude, season, and cloud coverage combined with water transparency (which essentially reflect Chla concentration in the open ocean). Finally, seasonal vertical migrations, which are restricted to subpolar and polar regions, occur over amplitudes that are mostly determined by the (deepest) depth of the winter mixed layer, below which diapausing zooplankton are sheltered from ocean turbulence.

Regions delineated on the basis of seasonal cycles of phytoplankton dynamics and production (e.g., Longhurst regions, Longhurst, 2010) are also of special relevance to the BCPs because phytoplankton dynamics and production in the EZ largely determine the amount of organic carbon transferred to the TZ (e.g., Siegel et al., 2016), not only through the biological gravitational pump but also through physically mediated pumps (Omand et al., 2015; Dall’Olmo et al., 2016) and animal-mediated vertical transport (e.g., Jonasdottir et al., 2015). Such an approach has also the advantage of being easy to derive from ocean color remote sensing. This has been showcased in the Mediterranean Sea by the implementation of float-based observational strategies (D’Ortenzio et al., 2020; Le Traon et al., 2020) designed to understand the biological-physical processes driving phytoplankton dynamics in ocean color-derived bioregions (D’Ortenzio and d’Alcala, 2009) (D’Ortenzio et al., 2012). Additionally, selecting regions on the basis of their surface satellite ocean-color characteristics would facilitate the upscaling of regional information, including flux estimates, to the global scale. Finally, satellite altimetry could also be used to select regions and period, identified by the highest kinetic energy fields and where the eddy subduction pump might expectedly be the strongest.

A bioregionalization of the global ocean was recently proposed based on annual time series of vertical profiles of Chla and bbp acquired by BGC-floats (Bock et al., 2021). This approach not only evidences surface patterns already identified in satellite-based regionalization (e.g., Hardman-Mountford et al., 2008; D’Ortenzio and d’Alcala, 2009), but also uniquely characterizes seasonal patterns of particle dynamics at various depth horizons within TZ. This new way of using large, global BGC-Argo data sets has great potential to improve region selection.

Additional characteristics of the EZ or the TZ could also contribute to the selection of representative regions. Such characteristics include: the presence of doming isopycnals in tropical waters, where the upward flux of nutrients in the EZ cause hotspots of NPP (Voituriez and Herbland, 1981; Duteil et al., 2009); oxygen minimum zones in the TZ, which modify the downward flux of organic carbon (Cavan et al., 2017; Weber and Bianchi, 2020); and areas of large recurring blooms of phytoplankton with special flux characteristics associated with bio-mineral ballasting, e.g., diatoms (fast sinking) or coccolithophorids (production of carbonate) (Le Quéré et al., 2005).

Finally and complementary to these, new methods to analyze climate change projections from Earth System models (Boyd et al., 2015) have identified regional differences in biological and biogeochemical variables and processes (e.g., phytoplankton biomass and physiological rates) associated with environmental forcing that include climate change stressors. This new type of information could be used to identify sentinel regions where targeted process studies could be implemented to monitor long-term anthropogenically driven changes in the different BCPs, and also regions where some BCPs might be strongly impacted by these changes (e.g., physically mediated pump impacted by progressive increase in stratification).

In addition, (Reygondeau et al., 2018) proposed a biogeographic approach for the delineation of biogeochemical regions in the mesopelagic layer, based on the same concept as used by Longhurst (2010) for the EZ. Consideration of these mesopelagic regions could help to determine the choice of regions and the relevant vertical extent of the TZ in each region. This delineation relies in particular on oxygen concentration, the POC flux and the vertical distribution of temperature, which are fundamental variables for BCP studies. The locations of the resulting TZ regions mirror to some extent those of the EZ regions, with an obvious meridional/latitudinal component. However, the regional boundaries of the two sets of regions may differ, as a result of biogeochemical characteristics or processes that occur only in TZ and thus do not affect the boundaries of surface regions (e.g., oxygen deficient zones). Additionally, (Reygondeau et al., 2018) showed that the depth of the interface between the mesopelagic and the bathypelagic layers increases from the pole (< 600 m) to the equator (> 1500 m and even 2500 m in the Pacific Ocean). Consideration of a regionally varying lower limit of the TZ combined with a varying depth of the EZ based on vertical light attenuation (Buesseler et al., 2020) could potentially lead to dynamic adjustments of the depths sampled in the EZ and the TZ.



IMPLEMENTING THE PARADIGM SHIFT: A MULTIPLATFORM OBSERVATION STRATEGY

The implementation of an observational strategy for the integrated study of the new multiple BCP paradigm (see section “Introduction: The Ocean Biological Carbon Pump, a Paradigm Shift”) will require the acquisition of quantitative information on the variables and processes needed to assess the contributions of the different BCPs to the pumping of biogenic carbon in oceans. It would also need to concurrently document the environmental drivers of each of these pumps. To do this, comprehensive and integrated time series of multidisciplinary variables and processes (see section “Spatial and Temporal Scales of Occurrence of the Various Pumps”) should be constructed for the different sampling regions (see section “Selecting Representative Regions and Sampling Depths for Integrated Studies of the Pumps”). Note that the development of such integrated observations dedicated to the BCP would be fully in line with ongoing plans of implementing sustained monitoring the ocean in various regions (e.g., deYoung et al., 2019; Hermes et al., 2019) to progressively develop a Global Ocean Observing System (GOOS).

We examined above the spatial and temporal ranges of marine physical dynamics and ecosystem processes of significance to BCPs (Figure 1A). In Figure 1B, we superimpose the spatio-temporal ranges of five observation platforms (rectangles: satellites, ships, floats, gliders, and moorings) on those of the BCP-relevant processes (ellipses), to characterize the potential role of each platform in BCP studies. While Figure 1B illustrates the spatio-temporal ranges of individual platforms and moorings, the geographical ranges of fleets of mobile platforms and networks of moorings will be wider than those of individual platforms. Given that these extended ranges would depend on the configurations of the fleets of mobile platforms and networks of moorings, these ranges are not illustrated in Figure 1B. At first glance, the Figure shows that no platform covers the combined spatio-temporal ranges of all BCP-relevant processes, which points out that the BCP observation strategy should be multiplatform. The potential contributions of the different observation platforms to the generation of long-term time series to study the air-sea CO2 flux and the six BCPs described in the following paragraphs are summarized in Table 3.


TABLE 3. Potential contributions of the different observation platforms to the creation of a multiplatform strategy to investigate the air-sea CO2 flux and the six BCPs.
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The six pumps together have aspects that belong to different oceanographic disciplines, i.e., biological, chemical and physical oceanography, and marine biogeochemistry and sedimentology. The conventional approach to investigate marine phenomena that involve several disciplines is to organize multidisciplinary programs, which often involve multidisciplinary cruises with sometimes multiple ships (e.g., the JGOFS North Atlantic Bloom Experiment Ducklow and Harris, 1993, or the mesoscale in situ iron fertilization experiments Boyd et al., 2007). Multidisciplinary voyages will continue to be essential over the next decades to investigate detailed variables and processes of the six BCPs, especially processes not currently amenable to automatic measurements. Measurement of biogeochemical variables on discrete samples will also be used to validate the calibration of sensors mounted on autonomous platforms at the time of their deployment or after, and also to validate new approaches as was done, for example, for the OST methods (Estapa et al., 2019). However, assessing the variability of BCPs among environments and over seasons and years will require continuous measurements of some of their characteristics in several ocean regions over long periods of at least one year, which could be implemented through multiplatform observation strategies.

As explained in section “The Euphotic Zone Measurements – From Satellites to Ships to Miniature Sensors,” satellite remote sensing already provides long-term synoptic horizontal information on some of the key variables that drive the BCPs in the EZ, and upcoming new sensors with extended capabilities have the potential to improve the study of some BCPs (Brewin et al., 2021). Examples given in that previous section are: LIDAR, to be used for retrieval of bio-optical properties deeper than one attenuation length in the water column (roughly one fifth of the EZ), to which passive radiometers are limited (Jamet et al., 2019), and quantification of zooplankton diurnal migrations (Behrenfeld et al., 2019); increased spectral resolution of hyperspectral sensors (e.g., PACE satellite mission), to better resolve phytoplankton communities (IOCCG, 2014); and improved altimetry measurements (SWOT mission), for better resolution of sub-mesoscale processes in the eddy subduction BCP (Morrow et al., 2019). Remote sensing could also be used to derive estimates of some relevant processes in the TZ (see section “Gravitational Pump”). This approach thus covers the horizontal (X-Y) and time (T) axes for some key variables, and can potentially provide information on the depth (Z) distributions of a limited number of variables.

In situations where deep-water instrumented moorings are operated in the long term, these moorings combined with monthly or more frequent cruises already provide uniquely detailed information that could be used to investigate temporal changes in the magnitude of some of the BCPs. The latter include the biological gravitational and diel vertical migration pumps, and possibly some of the physically mediated pumps. Measurements on such moorings are generally made at discrete depths, but the recent deployment of vertical profiling systems like wire walkers (Pinkel et al., 2011) and the SeaCycler (Send et al., 2013) on some moorings provides vertically resolved data at various time intervals. In addition, sediment traps deployed at different depths record the sinking particles over time intervals of pre-set duration. Examples of such deep-water moorings are BATS (oligotrophic subtropical North Atlantic), DYFAMED (oligotrophic Mediterranean), ESTOC (oligotrophic subtropical North Atlantic), HOT (oligotrophic subtropical North Pacific), PAP (eutrophic temperate North Atlantic) and SOTS (subAntarctic zone southwest of Australia). The data from such moorings could be used to document variations in some of the local BCPs over a wide range of time scales. Hence the records from these moorings provide information that is very detailed on the T axis and is more or less resolved for the Z axis depending on the configuration of the mooring. Information from satellites and deep-water moorings could be complemented by models to derive preliminary estimates of the variability of the BCPs on the four X, Y, Z and T axes.

Some of the key BCP variables cannot be estimated from satellite remote sensing, especially at depth in the TZ, and many of the physical, biological and biogeochemical conditions encountered in offshore waters are not covered by the existing instrumented moorings in deep waters. To move forward with the investigation of spatio-temporal variability of the BCPs in the global ocean, the key BCP variables should be observed along the X-Y-Z-T axes directly. Using present and developing technology, this could be done by deploying fleets of instrumented robots (especially floats and gliders) for long periods (i.e., several years), combined with complementary ship cruises and satellite remote sensing. Robots would be deployed during the first voyage of each study, and measurements would be made during cruises to “sea-truth” some of the automatically sampled as well as the remotely sensed variables and processes (e.g., Cetinic et al., 2012; Haentjens et al., 2017). Additional measurements would be made to estimate important BCP variables and processes that could not be directly or indirectly estimated from robot data. Also, datasets (called “machine learning datasets”) could be acquired by ships to train machine learning algorithms used to derive virtual variables (see section “The Euphotic Zone Measurements – From Satellites to Ships to Miniature Sensors”) from robot observations (e.g., Rembauville et al., 2017).

Marine robots also include sea-surface saildrones and wave gliders, which are USVs powered by wind and solar energy (saildrones) or by wave motion and solar energy (wave gliders) and carry navigational instruments and sensors, which can be scientific. These sea-surface robots can collect data on variables that include air-sea exchanges of heat and gas (CO2) and ocean-surface acidification. They can also record water-column acoustic signals using ADCP or echosounder, as a way to cost-effectively monitor animal biomass (Mordy et al., 2017; Chu et al., 2019) and thus potentially contribute to quantify the diel vertical migration pump.

The following bullets provide examples of measurements using the platforms cited in Table 3 concerning the air-sea CO2 flux and the six BCPs.


•Satellites. Biological gravitational pump: carbon flux out of EZ; ocean color. Large-scale subduction pump: POC; ocean color.




•Oceanographic ships. Air-sea CO2 flux: FCO2; pCO2 sensor in pumped surface water. Biological gravitational pump: particle sinking; thorium-234 disequilibrium. Mixed layer pump: T, S, Chla, cp, bbp; CTD + bio-optical package. Eddy subduction pump: T, S, Chla, cp, bbp, O2; towed CTD + bio-optical package + O2 sensor. Large-scale subduction pump: POC and DOC; chemical analysis of discrete samples. Diel migration pump: zooplankton; plankton nets, underwater vision profiler, high-frequency sonar. Ontogenic migration pump: zooplankton; plankton nets.




•Floats. Air-sea CO2 flux (FCO2): T, S, O2; CTD + O2 sensor + neural network. Biological gravitational pump: particle sinking; optical sediment trap, underwater vision profiler. Mixed layer pump: T, S, Chla, cp, bbp; CTD + bio-optical package. Eddy subduction pump: T, S, Chla, cp, bbp, O2; CTD + bio-optical package + O2 sensor. Large-scale subduction pump: bbp (proxy for POC); bio-optical package. Diel migration pump: zooplankton; underwater vision profiler, high-frequency sonar. Ontogenic migration pump: zooplankton; underwater vision profiler, high-frequency sonar. Examples are described in Boyd et al. (2019).




•Gliders. Air-sea CO2 flux (FCO2): T, S, O2; CTD + O2 sensor + neural network. Biological gravitational pump: particle sinking; underwater vision profiler. Mixed layer pump: T, S, Chla, cp, bbp; CTD + bio-optical package. Eddy subduction pump: T, S, Chla, cp, bbp, O2; CTD + bio-optical package + O2 sensor. Large-scale subduction pump: bbp (proxy for POC); bio-optical package. Diel migration pump: zooplankton; underwater vision profiler; high-frequency sonar. Ontogenic migration pump: zooplankton; underwater vision profiler; high-frequency sonar.




•Saildrones and wave gliders (USVs). Air-sea CO2 flux: FCO2; pCO2 sensor. Diel migration pump: zooplankton; high-frequency sonar.




•Moorings. Air-sea CO2 flux (FCO2): pCO2 sensor. Biological gravitational pump: particle sinking; sediment traps, underwater vision profiler. Large-scale subduction pump: bbp (proxy for POC); bio-optical package. Diel migration pump: zooplankton; underwater vision profiler, acoustic backscattering. Ontogenic migration pump: zooplankton; underwater vision profiler.



A practical aspect of implementation is the development of community synergies for the study of BCPs. One approach to do this could be to investigate BCPs in regions or at locations where long-term observing programs are conducted by the international oceanographic community, e.g., the OceanSITES long-term observing stations1, and the GO-SHIP sections (Sloyan et al., 2019). This could be mutually beneficial for sharing ship time, calibration measurements and data. Areas regularly visited by research vessels could thus be considered when selecting the sampling regions discussed in section “Selecting Representative Regions and Sampling Depths for Integrated Studies of the Pumps.”



FROM REGIONAL KNOWLEDGE TO GLOBAL SCALE

One long-term objective of the proposed research community effort should be the assessment of the spatio-temporal variability of BCPs at the scale of the global ocean. This would be a key step in developing baseline information and knowledge on the magnitudes of the different BCPs, an important component in the assessment of the ocean’s responses to climate change. Developing such a global understanding would require upscaling the results of regional observations to the global ocean, which could be achieved through the following four steps.

The first step would be to acquire long-term time series in selected regions, which would capture the temporal variability and magnitude of key EZ and TZ variables and processes involved in biologically and physically mediated export of biogenic carbon in the TZ by the different BCPs. A condition for successful upscaling would be that the selected sampling regions represent the diversity of the different export modes (Jonasdottir et al., 2015; Boyd et al., 2019; Resplandy et al., 2019) and their associated spatio-temporal scales (see section “Selecting Representative Regions and Sampling Depths for Integrated Studies of the Pumps”).

The second step would be to select EZ variables and/or processes whose time series could be obtained at the global scale, most likely by remote sensing or reanalysis, and could be used as predictors of export. For example, it could be possible to derive from remote sensing and reanalyses both export-relevant EZ metrics (e.g., NPP, community composition, phytoplankton phenology) and physical-chemical drivers (e.g., heat fluxes, temperature, mixed layer depth, nutrients).

The third step would be to relate export and TZ variables and also export processes to the EZ variables and/or processes (predictors) selected in the second step. The wealth of simultaneous TZ and EZ measurements acquired as part of a global coordinated sampling effort could be used to develop models linking TZ processes with those occurring in the EZ. Over the last years, empirical models based on artificial intelligence (i.e., neural networks) have been developed to estimate various biogeochemical variables from physical-chemical water-column drivers (e.g., Bittig et al., 2018) or from surface satellite-based properties (Sauzède et al., 2020). Such artificial intelligence-based approaches could be used to estimate, from globally measurable EZ predictors, metrics of the EZ-TZ carbon flux that are difficult to acquire at the global scale.

In the fourth and final step, the empirical relationships (with their uncertainties) between the selected EZ predictors and TZ variables and export would be used for upscaling time series of regional export processes by the different BCPs to full annual cycles at the global scale. The regional values for the different BCPs would be combined to estimate global annual export. Such upscaling approaches would be implemented in parallel to global biogeochemical modeling focused on the BCPs, assimilating satellite and in situ data (e.g., DeVries and Weber, 2017; Verdy and Mazloff, 2017). Ideally the two approaches should converge toward similar global estimates.

Neural networks are potentially highly appropriate for the above global upscaling given that they can be considered as advanced global interpolation methods (Landschutzer et al., 2016; Roshan and DeVries, 2017). Using artificial-intelligence-based relationships applied to large datasets resulting from a variety of platforms (floats, gliders, satellites, ships, USVs) would provide quantitative information on carbon fluxes in the global ocean.



TOWARD A NEW ERA OF DISCOVERIES

The deployment of modern sensors in different areas of the global ocean in recent years has resulted in several exciting, unexpected discoveries, and it is expected that the deployments proposed above would lead to similar discoveries. Here are five examples of recent discoveries.

Examination of plankton images recorded with the Underwater Vision Profiler (UVP5) during the Tara Oceans expedition of 2009–2012 led (Biard et al., 2016) to discover that giant predatory protists (> 600 μm) belonging to the Rhizaria supergroup were extremely abundant in the vast oligotrophic intertropical open ocean. These were so abundant that their carbon biomass was equivalent to that of all other mesozooplankton (size range 0.2–20 mm). This came as a surprise given that rhizarians are generally absent from plankton data, not because they are not present in the water column but instead because they are damaged beyond recognition by plankton nets. In addition, (Guidi et al., 2016) found from Tara Oceans data that rhizarians were strongly associated with carbon export at 150 m in the oligotrophic ocean. Hence, organisms that had seldom been seen by specialists in plankton samples were found to make a large part of the carbon biomass of total mesozooplankton, and to be involved in the deep carbon flux in the oligotrophic ocean.

Similarly, the deployment of a new pelagic in situ video recording system (PELAGIOS, Hoving et al., 2019) led (Christiansen et al., 2018) to discover a new species belonging to the fragile polychete genus Poeobius, which feeds on organic particles by deploying a free-floating mucous net or by catching particles with its tentacles. After discovering the new species, the authors identified it on UVP5 images collected down to 600 m in the North Atlantic from 2012 to 2015, and their analysis of the resulting data showed that high abundances of Poeobius sp. were associated with strongly reduced particle concentrations and fluxes in the layers directly beneath these polychetes. Hence, the animal was not only new to science, but it may have affected the biological gravitational pump in a way that was previously unknown.

The North Atlantic Ocean subpolar gyre is seldom sampled in winter because of its harsh weather conditions. The deployment of 21 floats in 2013–2014 created a unique time series of observations which showed that, in January-March when deep convection is the rule in this region, there were periods of low winds and reduced heat loss from the ocean leading to significant reduction in the depth of the mixed layer (30% of the vertical profiles had mixed layer depths < 100 m). These unexpected hydrodynamic conditions favored the development of “ephemeral” winter phytoplankton blooms, likely due to diatoms, each being wiped out by the next storm (Lacour et al., 2017). It was hypothesized that these previously unknown transient blooms potentially fueled the mesopelagic ecosystem and contributed to the downward carbon flux, at a period when biological fluxes are expected to be very low or nil. Hence, the unexpected periods of shallower mixed layer during the harsh North Atlantic winter were accompanied by yet unknown ephemeral phytoplankton blooms, which could be a new BCP mechanism.

Because of iron limitation, the Southern Ocean is considered to be essentially a High Nutrient Low Chlorophyl (HNLC) system, except in some specific areas where there is local iron delivery (e.g., downstream of shallow areas, and near ice melting areas Ardyna et al., 2017). It was therefore not anticipated to register any significant phytoplankton blooms in typically HLNC open ocean waters. Hence, the float-based observations of two massive blooms in low iron “oligotrophic” waters of the Southern Ocean came as a surprise (Ardyna et al., 2019). These blooms occurred downstream of active hydrothermal vents along the Southwest Indian Ridge more than 3000 m below the ocean surface, and were triggered by the mixing of these waters into the upper layer caused by flow-topography interactions. Hence, the unexpected observation of hotspots of high phytoplankton production in the oligotrophic Southern Ocean, fueled by the release of iron thousands of meters below the ocean surface, led to the discovery of a new mechanism of biological production in oligotrophic areas, with potential contribution to the BCP.

Glider transects crossing mesoscale eddies in the North Atlantic during the spring bloom showed anomalous biogeochemical features in the upper twilight zone (Omand et al., 2015). These occurred in a layer comprised between 100 and 350 m where elevated POC, Chla and oxygen concentrations were recorded. High resolution modeling confirmed that these anomalies were the signature of subduction processes at the sub-mesoscale, corresponding to active transport of surface waters and their biogenic content through 1–10 km-long filaments generated at eddy periphery. The authors developed parametrization of the eddy-driven POC flux to upscale such eddy-driven subduction flux events to the global ocean, and showed that these events could be of similar magnitude as the carbon flux associated with the biological gravitational pump during the spring bloom period in the subpolar ocean. Later on and using the same principle of detecting anomalies in multidisciplinary BGC-Argo profiles in the Southern Ocean, (Llort et al., 2019) concluded to a lower average contribution of eddy subduction to the export flux, although some extremely strong events could be of singular importance at the local scale. Hence, the observation of anomalous biogeochemical features in the upper TZ led to the discovery of a yet unknown physically driven BCP mechanism, now called eddy subduction pump (see sections “Introduction: The Ocean Biological Carbon Pump, a Paradigm Shift” and “Eddy Subduction Pump”).

The above five examples show how the large-scale and long-term deployment of modern sensors in different areas of the global ocean as well as the new interdisciplinary approach to the resulting data has led to exciting discoveries in recent years. It is thus expected that the research community approach described in this paper will not only bring together a large community of biological, chemical and physical oceanographers and marine biogeochemists and sedimentologists, but also usher the community in a new era of discoveries in ocean sciences.



TAKE-HOME POINTS

Key points concerning the implementation of the research observational community approach proposed in this paper are as follow:


•The downward pumping of biogenic carbon in the ocean is performed by the combined action of six biological carbon pumps (BCPs) (see section “Introduction: The Ocean Biological Carbon Pump, a Paradigm Shift”).

•Here we propose a framework for an integrated community observational framework to investigate the BCPs in the World Ocean, in order to better quantify global estimates of carbon storage in the oceans and the underlying the drivers of each BCP (see section “Introduction: The Ocean Biological Carbon Pump, a Paradigm Shift”).

•The framework would involve biological, chemical and physical oceanographers and marine biogeochemists and sedimentologists, using field observations at sea, satellite remote sensing, and modeling (see section “Introduction: The Ocean Biological Carbon Pump, a Paradigm Shift”).

•The framework would combine measurements from several observational platforms, which presently include research vessels, satellites, instrumented moorings, and robots (i.e., gliders, floats, and USVs) (see section “Introduction: The Ocean Biological Carbon Pump, a Paradigm Shift”).

•Methods and sensors already exist to measure the key variables and processes in the euphotic and twilight zones, and have already been implemented on at least one of the observation platforms (see section “Biological Carbon Pump Variables and Processes to be Measured”).

•The characteristics of the various BCPs would be measured at a variety of locations over several years in order to capture their variability and the sequence of their occurrences and magnitudes according to regions and seasons (see section “Spatial and Temporal Scales of Occurrence of the Various Pumps”).

•Sampling would be conducted in representative regions, which could be selected based on a number of alternative or complementary approaches (see section “Selecting Representative Regions and Sampling Depths for Integrated Studies of the Pumps”).

•Implementing the observational strategy would require the acquisition of comprehensive and integrated time series of multidisciplinary variables and processes in the different sampling regions, the duration of the time series being at least one year and ideally several years (see section “Implementing the Paradigm Shift: A Multiplatform Observation Strategy”).

•Community synergies would be developed for investigating the BCPs, such as implementing the proposed studies in regions or at locations where long-term observing programs are conducted by the international oceanographic community (see section “Implementing the Paradigm Shift: A Multiplatform Observation Strategy”).

•Assessing the spatio-temporal variability of BCPs at the scale of the global ocean would require upscaling the results of regional observations to the global ocean, which could be achieved through mechanistic modeling and artificial-intelligence-based relationships applied to large datasets (see section “From Regional Knowledge to Global Scale”).

•The proposed research community approach would not only bring together a large community of biological, chemical and physical oceanographers and marine biogeochemists and sedimentologists, but also usher the community in a new era of discoveries in ocean sciences (see section “Toward a New Era of Discoveries”).
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Variables Remote sensing Ships Floats and gliders Moorings
EZ Variables and stocks

DOC In development Yes Yes —
DIC — Yes Yes Yes
POC Yes Yes Yes Yes
PIC Yes Yes In development* In development
Remote sensing reflectance ¥es Yes Yes ¥es
Diffuse attenuation coefficient = Yes Yes Yes
Chlorophyll a Yes Yes Yes Yes
Phytoplankton composition Yes Yes Yes Yes
Zooplankton composition - Yes Yes Yes
Particle size distribution Yes Yes Yes Yes
Carbonate system parameters — Yes Yes Yes
pH — Yes Yes Yes
Macronutrients — Yes Yes Yes
NOg — Yes Yes Yes
EZ Processes and fluxes

FCO, — Yes Yes Yes
Net community production — Yes Yes ¥es
Net primary production (NPP) Yes Yes Yes Yes
TZ Variables and stocks

POC - Yes Yes Yes
DOC - Yes Yes —
PIC - Yes In development* In development
Zooplankton composition — Yes Yes Yes
Particle size distribution — Yes Yes Yes
Particle refractive index — Yes Yes —
TZ Processes and fluxes

Mass gravitational flux Yes Yes Yes* Yes
Large particle flux — — Yes

Diel and ontogenic zooplankton migration = Yes Yes, or in development Yes
Detrainment of mixed-layer particles — — Yes -
Eddy subduction — — Yes -
Community respiration - Yes Yes Yes
Particle fragmentation - - Yes —

*Floats only, not included in the Table: USVs, vertical migrations of macrozooplankton and nekton (see section “Diel Vertical Migration Pump”); surface variables (see
section “Implementing the Paradigm Shift: A Multiplatform Observation Strategy”); and instrumented mammals (vertical migrations detected by micro-sonar, see section
“Diel Vertical Migration Pump”). Details on methods and sensors are provided in Supplementary Table 1. The last column refers to long-term (months) moorings, which

are mostly bottom tethered.
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Biological Carbon Pump

Depth range of carbon transfer

POC DOC
Biological Gravitational 200 m — sediment* N/A
Mixed layer 200 - 1000 m** 200 - 1000 m
Eddy subduction 150 - 400 m 150 - 400 m
Large-scale subduction 200 -1000 m 200 -1000 m
Diel migrations 200 -600 m N/A
Seasonal migrations 600-1400 (> 2000***) m N/A

Values modified from Figure 1 of Boyd et al. (2019). N/A, not applicable.

*Although the bulk of the sinking POC is remineralized above 800 m, some of the POC reaches the sediment where it may be buried for very long times, e.g.,

millions of years.

**This depth range does not account for very deep mixing associated with the formation of deep waters (e.g., North Atlantic, North Western Mediterranean Sea), which

often drives major overturning.

**The overwintering depth > 2000 m is explained in the text; the overwintering depth of 1400 m cited in the Table was observed for C. finmarchicus in the Iceland Basin

(Jonasdottir et al., 2015).
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Air-sea Biological Mixed layer Eddy subduction Large- scale Diel migration Ontogenic
CO; flux Gravitational pump pump pump subduction pump* pump migration pump
Satellites - bt — - ++ — —_
Ships +++ +++ — +4+ +4+ +++ ++
Floats ++ +++ +++ ++ +4 e
Gliders + + +++ +4++ + e+
USVs (saildrones) ++ - - — e o+ =
Moorings +++ +++ — - + ++ ++

+++, reference/standard; ++, demonstrator; +, proof-of-concept/potential. The last row refers to long-term (months) moorings, which are mostly bottom tethered.

*Calculations of carbon fluxes associated with the large-scale subduction pump require extensive, large-scale POC and DOC dataset, combined with estimates of
downward Ekman velocities. Each platform except the USVs could concur to provide relevant measurements to be included in larger datasets. Vertical Ekman velocities
are derived from wind rotational together with adjustment of the vertical velocity profile.
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