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1. Objectives and Expected Significance
	Primary productivity is a fundamental ecological and biogeochemical process.  It provides food to higher trophic levels, placing an upper bound on ecosystem production, and is the ultimate source of sinking organic matter determining the strength of the biological pump.  The controls on marine primary productivity are therefore critical to the behavior of the Earth system, but understanding these controls remains elusive, in part because marine primary productivity is highly dynamic, subject to strong local and regional fluctuations.  Mesoscale dynamics are a particularly important class of physical phenomena driving perturbations in primary productivity in the ocean.  Indeed, mesoscale variability is a nearly ubiquitous feature of upper-ocean physical and biological fields.  The coupling between physical and biological processes on these scales is thus important to understand because it is a dominant feature of primary productivity dynamics.  Moreover, understanding mesoscale variability can yield insight into the functional behavior of the biological pump relevant on greater spatial and temporal scales.  
One primary means by which mesoscale dynamics affect biology is through modulating the supply of limiting resources.  For instance, mesoscale eddies can transport large quantities of nutrients from the deep sea into the well-lit surface layers, fueling massive profusions of plankton.  Because they are intermittent, such blooms largely escape detection by traditional oceanographic sampling techniques. Fortunately, new methods of synthesizing satellite data and computer models permit locating these areas in real time, making it possible to guide research vessels directly to such events.  The ability to effectively observe these highly episodic “oases in the oceanic desert” is leading to better understanding of their importance in the function of marine ecosystems and biogeochemical cycling.
Recent progress in identifying and tracking mesoscale eddies with satellite altimetry has facilitated construction of a global atlas of eddy trajectories, amplitudes, and sizes (Chelton et al. 2011).  Use of the derived eddy-centric coordinates to merge altimetric data with other remotely sensed properties such as satellite ocean color, sea surface temperature, and ocean vector winds is now providing unprecedented opportunities for investigation of the physical and biological dynamics of mesoscale phenomena (McGillicuddy 2011; Gaube et al. 2014; Gaube and McGillicuddy submitted). A recent global analysis indicates eddy impacts on surface ocean chlorophyll vary regionally and seasonally (Gaube et al. 2014).  The mechanisms underlying these variations are not yet known.  Moreover, the near-surface signature of mesoscale eddies in ocean color data may not always reveal the physical-biological dynamic in its entirety, insofar as large amplitude biological responses can take place deep in the euphotic zone where they are only partially detected by satellite (McGillicuddy et al. 2007).  Thus, in order to develop a more complete understanding of the role of mesoscale eddies in upper ocean ecosystem dynamics and biogeochemical cycling, detailed analysis of satellite observations together with subsurface in situ measurements and numerical simulations is needed.  Our specific objectives are to:

1. Update the global database of altimetrically-derived eddy trajectories and augment this dataset with collocated satellite observations of sea level, wind stress, surface temperature, and ocean color, as well as with in situ observation of physical and biogeochemical fields (i.e., Argo float profiles) transformed into eddy-centric coordinates.

2. Conduct global eddy-resolving (0.1 degree) coupled physical/biological simulations to provide a comprehensive basis for mechanistic analysis of mesoscale physical-biological coupling.	Comment by Dennis: The model is not comprehensive, there are things that are left out.  Moreover, observations are a key part of the mechanistic analysis.  This language could create an unfavorable response from model skpetics.

3. Quantify the role of mesoscale nutrient fluxes in modulating new production in observations and the model solution.

4. Diagnose mechanisms of physical/biological interaction using observations and eddy-resolving models.
2. Scientific Background
2.1 Background
New production in the ocean is that fraction of total primary production which is fueled by nutrients from outside the euphotic zone (e.g., Dugdale and Goering 1967). The magnitude of this quantity is of considerable interest from the point of view of biogeochemical cycling because it sets a fundamental constraint on the amount of biogenic material that can be exported via the so-called biological pump. The fact that geochemical estimates of new production in the oligotrophic waters of the open ocean far surpass that which can be sustained by traditional mechanisms of nutrient supply was recognized decades ago (Shulenberger and Reid 1981; Jenkins and Goldman 1985; Emerson et al. 1995). Although nitrogen fixation by cyanobacteria may provide a biological source for the “missing” nutrients (Capone et al. 1997; Gruber and Sarmiento 1997; Karl et al. 1997; Hood et al. 2004), additional physical processes may also be at work. Figure 1: Isopycnal displacements associated with three types of eddies.  Two density surfaces are depicted: one in the seasonal thermocline ρ1, and one in the main thermocline ρ2. Arrows indicate the sense of the vertical velocity arising from interaction of the wind stress with the underlying eddy-driven flow, which is upward in anticyclones and mode-water eddies and downward in cyclones. From Flierl and McGillicuddy (2002).

The notion that mesoscale and submesoscale processes could be an important vehicle for nutrient transport in the world’s oceans has been debated for some time (Fasham et al. 1985; Franks et al. 1986; Woods 1988; Venrick 1990; Falkowski et al. 1991; Strass 1992; Flierl and Davis 1993; Allen et al. 1996; Dadou et al. 1996; Smith et al. 1996; Oschlies and Garcon 1998; Mahadevan and Archer 2000; Spall and Richards 2000; Lévy et al. 2001; Benitez-Nelson et al. 2007). Comparison of two hydrographic profiles sampled one month apart in the summer of 1986 off Bermuda documented an apparently eddy-driven nutrient injection event that could account for 20-30% of the annual new production (Jenkins 1988). In the decade following publication of those observations, evidence accumulated that mesoscale eddies are a dominant mode of nutrient transport in the Sargasso Sea (McGillicuddy et al. 1998).  
Submesoscale eddies and fronts have spatial scales of O(1-10 km) and arise primarily through nonlinear instability of mesoscale currents.  Therefore, submesoscale features are generally linked to mesoscale features and can be readily observed in ocean color imagery as filaments that swirl around larger mesoscale eddies.  Vertical velocities associated with submesoscale instability are O(1-100 m day-1) (Mahadevan and Tandon 2006).  However, these submesoscale features and their associated vertical exchanges are ephemeral and may only persist for a few days limiting their impact when compared to mesoscale nutrient fluxes (Lévy et al. 2012). Therefore, the vertical nutrient fluxes occurring in mesoscale eddies may actually be an order of magnitude smaller than those at the submesoscale.  On the other hand, mesoscale vertical velocities can persist for weeks to months and thus are prime targets for investigation using satellite observations.   
Although the evidence of the importance of mesoscale physical/biological interaction documented in the literature is substantial, it consists mostly of a collection of targeted studies, which treated individual aspects of the system at different places and at different times. We are proposing to conduct a comprehensive global synthesis, by merging the information gleaned from targeted process studies (section 2.2) with an altimetrically-guided analysis of a wide variety of satellite and in situ observations (section 5.1) as well as high-resolution models (section 5.2).  We will focus on quantifying the mechanisms underlying (section 5.4) mesoscale physical-biological coupling and examine the rectified impact of these phenomena on biogeochemical cycles (sections 5.3-5.4).

2.2 Observations of mesoscale physical/biological interactions
	a)
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	b)
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	Figure 2:  (a) MODIS chlorophyll (left) and sea surface temperature (right) images of mode-water eddy A4 on August 6, 2005 and (b) Sea level anomaly (color shading) and ship ADCP velocities (upper 200m).  Thick circles highlight the location of the eddy’s inner core.  (c) 14C primary production profiles inside mode-water eddy A4, August 2005.  Minimum and maximum of BATS summertime observations 1988-2003 indicated by black lines.


Observations demonstrate that eddies can be associated with a diversity of phytoplankton responses, stemming from differences in eddy polarity, and subtle interactions with time-varying forcing.  For instance, based on observations in the North Atlantic, Flierl and McGillicuddy (2002) document three canonical types of mid-ocean eddies: cyclones, anticyclones, and mode-water eddies (Fig. 1).  Cyclones dome both the seasonal and main pycnoclines, whereas regular anticyclones depress both density interfaces.  Mode-water eddies derive their name from the thick lens of water that deepens the main pycnocline while shoaling the seasonal pycnocline.  Because the geostrophic velocities are dominated by depression of the main pycnocline, the direction of rotation in mode-water eddies is the same as regular anticyclones.  However, displacement of the seasonal pycnocline is the same as in cyclones: both types of features upwell nutrients into the euphotic zone during formation and intensification.  As the eddies spin down, the density surfaces relax back to their mean positions; e.g., decaying cyclones downwell in their interiors.  This temporal evolution during the eddy lifetime is a key regulator of the biogeochemical response (Sweeney et al. 2003; Gaube et al. 2013; Gaube et al. 2014). 
To first order, one might expect similar biological responses to cyclones and mode-water eddies, as both tend to upwell nutrients into the euphotic zone during their formation and intensification phases.  However, the observations presented in McGillicuddy et al. (2007) reveal that, although plankton bloom in both cyclones and mode-water eddies, the biological responses differ dramatically.  In cyclone-generated blooms, phytoplankton species composition resembles the mean conditions in the Sargasso Sea. In contrast, mode-water eddies can generate extraordinary diatom biomass and primary production at depth, relative to the time-series near Bermuda (BATS).  Figure 3: (a) Tracks of long-lived (lifetimes of  ≥16 weeks) mesoscale eddies identified by an automated eddy tracking procedure applied to altimetric data for the period 1992–2008. Blue tracks represent cyclones; red tracks represent anticyclones. (b) Mean eddy amplitude in cm. Figure adapted from Chelton et al. (2011b).


The altimetrically-determined sea level anomaly (SLA) of mode-water eddy “A4” was positive (Fig. 2b), and shipboard ADCP measurements confirmed anticyclonic flow.  High-resolution surveys revealed an extraordinary phytoplankton bloom in the interior of A4.  Peak chlorophyll a measured near the eddy center was 1.4 μg Chl a l-1, eclipsing the highest value ever measured at BATS, eight standard deviations above the mean subsurface maximum.   Primary production was significantly enhanced above background summertime conditions observed at BATS (Fig. 2c), with a subsurface maximum that exceeded the envelope of BATS observations in the 60-80m depth interval.  This structure is consistent with enhanced nutrient supply from below and a diatom population capable of high growth rates in low light conditions (Goldman and McGillicuddy 2003).  However, the chlorophyll anomaly associated with this eddy-induced bloom was so deep in the water column that it was barely detectable in ocean color imagery (Fig. 2a).
Why is the biological response to cyclones and mode-water eddies so different?  Macronutrient concentrations just below the euphotic zone are similar, suggesting a physical cause.  The difference arises from asymmetry in vertical motions induced by eddy-wind interactions (Dewar and Flierl 1987, see section 2.3).  To quantify this effect, we used a model of uniform wind blowing over an idealized anticyclonic vortex, with wind stress formulated as the difference between air and water velocities at the sea surface (Martin and Richards 2001).  Stress is enhanced on the flank of the eddy where wind and current oppose each other, and stress is reduced on the flank where they flow in the same direction.  This generates a divergence in the center of an anticyclone (and a wind stress curl) regardless of wind direction.  Applying this model to A4, the upwelling by the eddy-induced Ekman pumping fluctuates over time from 0.1 to 1.6 m d-1.   Upward motion in the interior of A4 was confirmed by a tracer release experiment, during which the tracer rose at 0.4 m d-1, close to the rate predicted by the eddy-wind interaction model (Ledwell et al. 2008).  
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]In contrast, the eddy-induced Ekman pumping interaction model predicts downwelling in the interior of cyclones (McGillicuddy et al. 2007; Gaube et al. 2015).  Unfortunately, we have no tracer releases inside cyclones that can be used to test this prediction.  Nevertheless, it is clear that eddy-induced Ekman pumping enhances the vertical nutrient flux in mode-water eddies, and it is reasonable to surmise that it is a counterbalancing effect in cyclones (Fig. 1).  This may explain why phytoplankton enhancement in cyclones is rather ephemeral, whereas mode-water eddies can produce long-lasting blooms of diatoms. 
These observations are illustrative of the challenges associated with satellite observations of mesoscale physical/biological interactions: oceanographic features with very modest expressions in ocean color can have extraordinary biomass and productivity underneath them, barely visible from space-borne sensors (cf.c.f., Fig. 2a,c).  However, with the information we now have about the underlying processes, we can conceivably account for these features in satellite-based estimates of productivity by appropriate combination of satellite altimetry with ocean color and SST (e.g., Fig. 2a) in the context of numerical models proposed herein. 

[bookmark: _Toc318368807]2.3 Mesoscale physical/biological interactions from a satellite perspective 
Mesoscale eddies can be identified and tracked in maps of sea level anomaly (SLA) constructed by merging measurements from a series of satellite altimeters (Fig. 3a; see Chelton et al. 2007, 2011b).  Collocation of coincident observations of CHL facilitates investigation of the role of eddies in modulating the surface concentrations of primary producers. 
 The eddy-centric analysis of satellite observations of SLA, CHL and Ekman pumping has allowed mean eddy-driven signals to emerge.  For example, in the Gulf Stream region, cyclonic eddies generate positive CHL anomalies and anticyclones contain negative CHL anomalies (Fig. 4a).  This has been linked to the trapping of CHL and upwelling occurring during the intensification of cyclones (Gaube et al. 2014). In the South Indian Ocean, however, the influence of eddies on CHL can vary seasonally, as alluded to above, with both eddy-induced Ekman pumping (Gaube et al. 2013) and eddy-induced mixed layer depth (MLD) perturbations (Dufois et al. 2014) potentially generating elevated CHL in anticyclones in the winter (Fig. 4b).  In the summer, however, eddy stirring is observed to generate dipoles of CHL on the periphery of eddies (Fig. 4c). Figure 4:  Composite averages of normalized CHL anomaly (CHL”) in (a) the Gulf Stream region and (b) the South Indian Ocean.  Modified from Gaube et al., 2014.


2.4 Mechanisms of mesoscale physical/biological interaction
	Mesoscale eddies are nearly ubiquitous features in the global ocean and are highly energetic (Fig 3a, b).  Our prior results have demonstrated regional variability in the mechanisms generating observed physical/biological interaction (Gaube et al., 2013, 2014; Gaube and McGillicuddy, submitted).  This regional variability is illustrated by variation in the sign of the cross correlation coefficient between SLA and the near-surface chlorophyll concentration anomaly (CHL’, Fig. 5a).  Upwelling and downwelling in eddies can be segregated into vertical velocities resulting from the displacement of isopycnals generated by internal dynamics (e.g., eddy-pumping or eddy/eddy interaction) and those that are the result of a forced response (e.g., eddy-induced Ekman pumping).  The intensification of cyclonic eddies results in the upward displacement of isopycnals and upwelling of nutrients into the euphotic zone.  Conversely, a downward displacement of isopycnals results in the downwelling of nutrients and CHL during the intensification of anticyclonic eddies.  Fluxes occurring during eddy intensification are expected to generate negative correlation between SLA and CHL’ (blue regions in Fig. 5a).  Figure 5: Cross correlation of sea level anomalies (SLA) and mesoscale chlorophyll-a anomalies (CHL’) computed from (a) satellite observations and (b) the eddy-resolving physical/biological CESM model.  Panel b is discussed in section 5.2.  Modified from Long et al. (2016).


Ekman pumping resulting in upwelling in the cores of anticyclones (see section 2.2 and Dewar and Flierl 1987) and downwelling in the cores of cyclones (McGillicuddy et al. 2007; Gaube et al. 2015).  Cross correlation between SLA and CHL’ is expected to be positive as a result of eddy-induced Ekman pumping (red regions in Fig. 5a). 
[bookmark: OLE_LINK18][bookmark: OLE_LINK19]The horizontal advection of nutrients and plankton can be described by two distinct mechanisms: 1) stirring, which occurs primarily around the peripheries of eddies, and 2) trapping and transport of material in the interiors of eddies during transit subsequent to formation (Gaube et al. 2014).  The azimuthal stirring of CHL around the peripheries of eddies and meanders results in a maximum correlation with SLA at a finite time lag that is set by the eddy propagation rate (Chelton et al., 2011a). 
In nonlinear eddies, rotational current velocities exceed the eddy propagation rate, trapping fluid in their interiors (McWilliams and Flierl 1979; Flierl 1981). Ecosystems trapped in eddies during formation act to precondition the eddy interior towards either elevated or suppressed phytoplankton concentration. In these cases, cross correlation of SLA and CHL’ will depend on the alignment of the eddy-generating current with the CHL gradient (Gaube et al., 2014). 	Comment by Dennis: Fix empty space.
Mesoscale modulations in phytoplankton light exposure have been shown to be important in regions where primary production is limited by light, rather than nutrients (Lévy et al. 1998; Lévy et al. 1999).  For example, in the South Indian Ocean, an eddy-centric analysis constructed from thousands of long-lived eddies showed that the maximum seasonal CHL occurred nearly a half of a month earlier in anticyclones when compared to the background (Gaube et al., 2013).  The influence of eddies on the seasonal timing of CHL maxima has been suggested to be the result of mesoscale variations in mixed layer depth and the mixing of nutrients into the euphotic zone (Gaube 2012; Mahadevan et al. 2012; Gaube et al. 2013; Dufois et al. 2014).  The regional variations of eddy-mediated changes to the seasonal progression of phytoplankton are not yet known. Figure 6: Maps of wintertime mixed layer depth (MLD) anomalies derived from Argo float profiles collocated to the centers of (a) anticyclonic and (b) cyclonic eddies identified and tracked by using their SLA signatures.  

An ongoing analysis lead led by the PIs investigates the influence of eddies on MLD.  Our results suggest deeper mixed layers in anticyclones and shallower mixed layers in cyclones (Fig. 6).  that wWintertime eddy-induced MLD perturbations can exceed 50 m in much of the Southern Ocean and western boundary current regions (Fig. 6).  In addition, tThe influence of eddies on MLD shows sustainable regional variability and may contribute to observed differences in the influence of eddies on CHL (i.e., Fig. 5a). Furthermore, seasonal modulation of the influence of eddies on MLD may result in eddy-induced perturbations of CHL that are different in the summer and winter; for instance, in the South Indian Ocean stirring is the primary mechanism producing CHL anomalies in summer, whereas eddy-induced Ekman pumping and/or entrainment is dominant in winter (Gaube et al. 2013; Dufois et al. 2014).  Finally, the rectifying effect of eddy-induced MLD anomalies on the mean MLD are not known.
3. Perceived Impact 
This research will contribute to an improved understanding of ecosystem function and biogeochemical cycles in the context of rich variability contained within mesoscale ocean dynamics. As we illustrate in the material above, mesoscale currents, fronts and eddies regulate ocean productivity and carbon export., since while t  These motions are intermittent, they and can have rectified impacts on biology.  Our results will be broadly relevant to modeling frameworks attempting to predict fishery stocks, for instance, or simulate the response of the global carbon cycle to anthropogenic perturbation.  In the former context, key questions related to the distribution of food sources in space and time have been shown to be mediated by mesoscale phenomena (Godø et al. 2012).  In the context of developing carbon cycle projections, a key question is how ocean biology will respond to warming-induced stratification curtailing nutrient supply (Bopp et al. 2013).  A more complete understanding of present-day variability in biogeochemical fields will help reduce uncertainty and improve models attempting to simulate future primary productivity.
In addition to advancing understanding of mesoscale physical-biological coupling broadly, our work will result in a unique and valuable data set.  We will update the database of eddy tracks over the global ocean and contribute significant additional value to this resource by transforming other satellite and in situ observations into eddy-centric coordinates.  We will make these products available to the community, thereby providing a unique basis for synergistic analyses of mesoscale dynamics.  In addition to our observational synthesis, our work will directly contribute to the assessment and improvement of a specific oceanographic model.  We will conduct eddy-resolving simulations with CESM (section 5.2), which is a premier U.S. climate model, and make extensive comparisons between simulated and observed mesoscale variability.  These comparisons will facilitate improved understanding of the observations, where incomplete information makes process inference challenging, and will also serve as a means by which to evaluate CESM, enabling prioritization and formulation of model improvements.
4. Relevance to NASA objectives and the OSTST
The goals of the OSTST “are to provide the scientific underpinning for production of the best possible satellite-derived ocean surface topography data sets and to demonstrate the Earth science and applications arising from analyses of the ocean surface topography data.”  The proposed research is directly relevant to the first two specific themes of this solicitation, “(1) To support studies in physical oceanography utilizing Jason-series mission data, as well as the combined ~20-year TP/Jason/Jason-2 data, preferably jointly with other satellite and in situ data and/or models, in support of both basic research and operational applications.”  Merged altimetric data sets are a cornerstone of the proposed research, as is data from the Argo in situ profiling float program (section 5.1), which is another aspect specifically requested in the OSTST call.  Use of these data together with models (sections 5.3 and 5.4) will provide a basis for understanding the mechanistic links between mesoscale dynamics, upper ocean chlorophyll distributions, and biogeochemical cycling will lead to better quantification of carbon fluxes throughout the global ocean.  Knowledge gained from our analysis of satellite observations and high-resolution simulations can be used to guide development of parameterizations of mesoscale biogeochemical processes to permit their inclusion in climate models.  In sum, this proposal pertains directly to two focus areas of NASA’s strategic plan for earth sciences: “(1) Carbon Cycle & Ecosystems: quantifying, understanding and predicting changes in Earth’s ecosystems and biogeochemical cycles; and (2) Climate Variability & Change: understanding the roles of ocean, atmosphere, land, and ice in the climate system and improving predictive capability for future evolution.”
5. Work Plan
5.1 Update and augment eddy-centric database of collocated satellite and in situ observation 
In order to further explore the impact of eddies on marine ecosystems we will augment and update the current database of altimetrically-derived eddy trajectories to take advantage of ongoing satellite observations.  Recent publications detailing physical/biological interaction in eddies and meanders by the PIs of the proposed project utilized ocean color measurements from SeaWiFS.  An example of such an analysis in the South Indian Ocean is presented in Figs. 4b,c which demonstrates striking mesoscale variability in CHL and Ekman pumping (from QuikSCAT) in eddy-centric coordinates.  We will augment these observations to include chlorophyll made by MODIS Aqua and VIIRS.  Wind stress curl observations will be updated to include measurements made from ASCAT. Maintenance of such data sets on a global basis will allow not only for our analysis of an extended data record, but also will position us to take advantage of a broader array of in situ measurements including mesoscale process studies as well as the growing Argo float database.
Satellite observations of the influences of mesoscale eddies on CHL are limited to the near-surface layer. Without knowledge of the subsurface structure of eddies, the surface observations are subject to multiple interpretations.  The Argo float network provides an extraordinary opportunity to constrain the vertical structure of eddies observed in satellite data.  By collocating the individual Argo float profiles within the interiors of eddies (as inferred from their SLA signatures), composite averages of eddy vertical structure can be constructed for any particular region.   For example, the Argo float data reveal marked differences between anticyclones and cyclones in the Peru-Chile current system (Chaigneau et al. 2011). In the South Indian Ocean (for which the satellite composites are shown in Fig. 4b,c), the Argo composites (Fig. 7) reveal robust mean vertical cross sections as well as seasonal variability in derived quantities such as MLD.
The value of this information on vertical structure cannot be overstated.  In particular, the satellite data collocated to eddy interiors identified in altimeter data (Fig. 4b) show a striking correspondence between CHL anomalies and Ekman pumping: anticyclones contain eddy/wind induced upwelling and high CHL, whereas cyclones contain eddy/wind induced downwelling and low CHL.  Based on the satellite data alone, one might tend to infer the eddy/wind interactions as the primary mechanism responsible for the mesoscale CHL patterns.  However, the Argo data (Fig. 7) show unequivocally that the mixed layer tends to be deeper in anticyclones, which would also promote higher CHL due to entrainment of nutrients from below (Dufois et al. 2014). Furthermore, the influence of eddies on MLD is not limited to the South Indian Ocean, with the magnitude of these perturbation being larger in the Southern Ocean and western boundary current systems (see section 2.4 and Fig. 6).  These examples highlight the need for combining satellite data with in situ observations in study of physical/biological interactions at the mesoscale.Figure 7. (a,b): Locations of Argo float profiles within South Indian Ocean anticyclones and cyclones.  (c,d): Zonal cross sections of potential density across anticyclones and cyclones constructed from the float profiles shown in panels a and b.  (E) The seasonal cycle of mixed layer depth derived from Argo floats in eddy interiors.  Shading indicates the time period of the composites in Figure 4b.


Lastly, we note that subsets of Argo floats carry oxygen (Riser and Johnson 2008; Johnson et al. 2010) and bio-optical sensors (Boss et al. 2008). Although the coverage of these more capable floats will not likely be sufficient for the kinds of mapping illustrated in Figs. 6 and 8, such sensors will no doubt provide valuable “case-study” information about mesoscale and submesoscale variability, as well as temporal dynamics of eddy features in which they become trapped.  In particular, the Southern Ocean Carbon and Climate Observations and Modeling (SOCCOM; http://soccom.princeton.edu) project is deploying about 200 floats with biogeochemical sensors over the next few years with dozens already in the water, making the Southern Ocean a likely target region for analysis.  While coverage may still be less than optimal, such observations present an unprecedented opportunity to investigate eddy-mediated processes in the Southern Ocean, a critically important region of the global ocean. 

5.2 Conduct global eddy-resolving (0.1 degree) coupled physical/biological simulations to provide a comprehensive basis for mechanistic analysis of mesoscale physical-biological coupling
Our prior results have demonstrated regional variability in the mechanisms generating observed physical/biological interaction (Gaube et al., 2013, 2014; Gaube and McGillicuddy 2016), however, these mechanisms cannot be diagnosed from observations alone. To address this, we have conducted an ecosystem-equipped global eddy-resolving run with CESM (Long et al. in prep). The ocean component of CESM is based on the Parallel Ocean Program (POP; Smith et al. 2010) and the eddy-resolving configuration is integrated at a nominal resolution of 0.1° on a global tri-pole grid.   The marine ecosystem module is based on the “Biogeochemical Elemental Cycling” (BEC) model (Moore et al. 2004a; Moore et al. 2004b; Doney et al. 2009) that has previously been used in eddy-resolving simulations of the North Atlantic by Anderson et al. (2011) and Gaube and McGillicuddy (submitted).  Development of BEC has continued since these studies, with notable changes to the software framework.  
Our eddy-resolving integration was 5-years in duration and forced with the CORE "normal-year" dataset of Large and Yeager (2004).  A key challenge in developing this run was the initialization of ocean tracers.  Given the expense of the high-resolution configuration, it is not possible to integrate to quasi-equilibrium.  Thus, we used an initialization strategy designed to permit robust analysis of upper ocean fields, but not the deep ocean.  The model physics were integrated for 15 years after initialization from WOCE temperature and salinity fields.  Biogeochemistry was enabled after the physics-only spin-up, with tracer fields initialized using observationally-based climatologies for macronutrients and inorganic carbon and fields from a previous coarse resolution simulation for biomass tracers.  Since the simulation was relatively short, the large-scale gradients in the nutrient fields did not substantially erode.  Thus, following a brief (1 year) spin-up, the simulation essentially enables the model physical dynamics to operate on observed macronutrient distributions.  The regional variability of the influence of eddies on CHL in this run has been compared to observations revealing that the model was successful at reproducing observed negative correlation between SLA and CHL’ in many regions of the World Ocean; moreover, the model accurately captures the broad region of positive correlation found in the southern Indian Ocean (Fig. 5b). The model’s ability to reproduce observed mesoscale variability is encouraging for the next step of diagnosing mechanisms modulating mesoscale physical/biological interaction.  
While this integration continues to be analyzed and has provided a tremendous resource for investigating mesoscale phenomena, there are several elements of the simulation upon which we would like to have an opportunity to improve.  Therefore, we propose to perform a new global eddy-resolving simulation with several improvements enabling more advanced analysis.  The first relates to the forcing.  As mentioned above, the existing run used "normal-year" forcing (Large and Yeager, 2004), which provides a repeating annual cycle.  The structure of variability in these forcing data has been highly manipulated, however, and we have not been wholly satisfied with the results.  The second issue relates to initialization.  Given the tremendous computational expense of the high-resolution configuration, it is not possible to integrate to quasi-equilibrium for tracers at depth.  The strategy of using observationally-based data sets is viable for short integrations, but the simulation is subject to substantial drift in interior tracer fields over longer runs.  After comparing 0.1° and 1° solutions, we have concluded that it would be better to initialize the high-resolution model with fields derived from a spun-up 1° solution.  Third, during analysis of the existing high-resolution run, we discovered that the source of sedimentary iron supplied as a forcing to the model integrates to significantly less iron inputs than our typical 1° data set.  While sedimentary iron inputs are poorly constrained by observations, there is a close coupling between inputs and removal by scavenging; our run included a scavenging parameterization tuned to expect greater iron inputs, thus much of the ocean was overly anemic, impacting basin-scale productivity distributions.  We will address this issue in a new run by supplying a more refined iron input data set. Finally, in order to provide a more complete picture of mesoscale physical-biological coupling, we would like to conduct a longer integration that is comparable to the time span of the concurrent SLA and ocean color observations the period covered the Argo network. Figure 8: Terms in the nitrate budget averaged over the euphotic zone.  From top to bottom: (a) Sources and sinks; (b) vertical mixing; (c) mean vertical advection of nitrate; and (d) vertical nitrate advection by transient eddies.  From Long et al. (in prep).

For the integration proposed here, CESM will be run in an ocean-ice configuration forced with a version of the interannually-varying Coordinated Ocean-ice Reference Experiments (CORE) data set (Large and Yeager 2009).  The current CORE data set uses NCEP/NCAR reanalysis, with a nominal 2° (T62) resolution, as a basis for winds.  Eforts are underway at NCAR, however, to adapt the Japanese 55-year reanalysis (JRA55; Onogi et al. 2007) for use within the CORE framework.  JRA-55 provides much higher resolution winds (~55 km), which may help improve simulation of Eastern boundary upwelling systems, for instance (Small et al. 2015). Thus, if feasible, we will consider using the CORE dataset updated with JRA-55.  Moreover, by tailoring the output frequency of three-dimensional variables, we hope to reduce the total integration cost substantially, thereby enabling a longer simulation than conducted previously, with a target length of ~20 years.  We will apply for computing resources through NASA to support this integration.

5.3 Quantify the role of mesoscale nutrient fluxes in modulating new production in observations and the model solution.	Comment by Dennis: There is nothing about observations in this section.
The model solutions provide a comprehensive and self-consistent basis from which to quantify mechanisms driving variations in surface ocean productivity.  For example, we can quantify eddy-mediated nutrient fluxes by applying a Reynolds decomposition to the model tracer equation, yielding a breakdown of advection into mean and time-varying (“eddying”) components.  Maps of these various quantities from our global eddying simulation reveal basin-scale heterogeneity in the balance of terms in the upper ocean nitrate budget (Fig. 8). Vertical mixing is a near-ubiquitous source of nitrate to the surface ocean, though it displays substantial variation and is strongest in regions associated with surface ocean buoyancy loss and convective mixing (Fig. 8b).  The net vertical advection operates to both supply and remove nitrate from the surface ocean.  Notably, there is mean wind-driven downwelling in the subtropics, which leads to an export of nitrate from the surface ocean (Fig. 8c). This mean flux is offset somewhat by eddy-mediated transport of nitrate (Fig. 8d), though this flux is fairly weak in most ocean basins.  The South Indian ocean is an exception in this regard; here, the impact of eddies on vertical nitrate fluxes is quite large.  While eddies act to supply nitrate to the surface ocean in the tropics, they tend to work in the opposite direction in the Southern Ocean and subpolar North Atlantic. While we have provided a flavor of the term balances obtained from our existing eddying run, a more detailed description will be included in Long et al. (in prep). Figure 9: Maps of the mean (left column) and standard deviation (middle column) of log10(CHL) fields.  Maps of average eddy amplitude are shown in right column.  Satellite observations are the top row, data from the model with eddy-induced Ekman pumping in the middle row, and data from the model without eddy wind interaction in the bottom row.



5.4 Diagnose mechanisms of physical/biological interaction using observations and eddy-resolving models 
[bookmark: OLE_LINK38][bookmark: OLE_LINK39]As described in section 2.4, the substantial variation in the character of physical/biological interaction has been observed across regions, indicating that the dominant mechanisms depend on local oceanographic conditions (Fig. 5a).  Gaube and McGillicuddy (submitted) provide an example of how mechanisms of physical/biological interaction can be diagnosed from concurrent analysis of satellite observations and eddy-resolving simulations.  One of the regions with strongest correlation between SLA and CHL’ occurs in the Gulf Stream (GS) region (Fig. 5a).  This area is characterized by negative correlation, which is indicative of positive CHL’ associated with negative SLA (cyclonic features) and negative CHL’ associated with positive SLA (anticyclonic features).  Of the various mechanisms of mesoscale physical-biological interactions described by Gaube et al. (2014), two are candidates to produce negative correlations between SLA and CHL’: trapping of fluid during eddy formation, and upwelling associated with eddy intensification.  Using observations together with a coupled physical-biological model, a precursor of the model described in section 5.2, Gaube and McGillicuddy (submitted) were able to diagnose the relative importance of these two processes in producing the observed correlation.  In comparing runs with and without the surface current being included in the calculation of wind stress, Gaube and McGillicuddy (submitted) also detected the signature of upwelling due to eddy-induced Ekman pumping in anticyclonic eddies. 
The time-averaged, basin-scale surface CHL in the GS region generated in both the simulations have geographic structure that is similar to observations: a general north-northwestward gradient with the largest magnitude of the open-ocean spatial CHL gradient occurring in the region of the GS north wall (Figs. 9a, d and g). The magnitude of the time averaged CHL, however, is larger in the BEC simulations, with the largest mean CHL occurring in the simulation without eddy-induced Ekman pumping (Fig. 9g).  The standard deviation of CHL (σ(CHL)) in the simulations differs substantially from observations (Fig. 9b, e and h).  Despite these differences in the variability of the CHL field between the simulation and observations, the nature of the cross correlations between SLA and CHL' are similar (Gaube and McGillicuddy submitted). 
The temporal evolution of CHL in westward propagating eddies suggest that anticyclonic eddies entrain and trap low CHL water and cyclonic eddies trap water with elevated CHL, as evidence by positive (negative) normalized CHL anomaly (CHL'') throughout the first 17 weeks of the lifetimes of cyclonic (anticyclonic) eddies (Figs. 101a, c and e).  Following the formation of anticyclonic GS eddies, the change in CHL’ (ΔCHL') exhibits a positive trend (Fig. 10b). Figure 10:  Composite average time series in the cores of anticyclonic (red) and cyclonic eddies (blue) bin averaged as a function of eddy age (in 5-day periods). Satellite observations in the top row, model with eddy-induced Ekman pumping in the middle row, and model without eddy-induced Ekman pumping in the bottom row.  Times series in the left and right columns are of normalized CHL anomalies (CHL'') and CHL' relative to the CHL' at the time of eddy formation (ΔCHL'), respectively.  The vertical bars represent the standard error of the mean.

In the simulation including eddy-induced Ekman pumping, a significant positive trend is observed in the interiors of anticyclonic eddies (Fig. 10d).  The simulation without eddy-induced Ekman pumping, however, generates a negative trend in anticyclonic ΔCHL' (Fig. 10f), opposite to what is observed (Fig. 10b).  This suggests that eddy-induced Ekman pumping is possibly generating the observed positive trends in ΔCHL' in GS anticyclones. 
Following eddy formation, a significant difference in the vertical advection of NO3 into the euphotic zone exists between anticyclones in the two different simulations.  In the model with eddy-induced Ekman pumping, significant upward advection of NO3 occurs after week 7 (Fig. 11).  In the interiors of the same anticyclones, ΔCHL' begins to become positive at week 6, however the positive trend is not significant until week 11 (Fig. 10d).  This suggests that the upwelling of NO3 has to persist for approximately 20 days before a significant positive trend in ΔCHL' ensues. Figure 11.  Composite average time series of the vertical advection of NO3 through the base of the euphotic zone in the cores of anticyclonic eddies.  The black and grey lines show anticyclones in the simulation with and without eddy-induced Ekman pumping, respectively.


In summary, trapping appears to be the primary mechanism responsible for the observed negative correlation between SLA and CHL'.  The signal of eddy-induced upwelling (a positive trend in CHL'' or ΔCHL') was not detected.  However, we did see evidence for eddy-induced Ekman pumping increasing CHL in anticyclones, which would tend to produce a positive correlation between SLA and CHL'.   Thus, trapping appears to overshadow eddy-induced Ekman pumping in the observed SLA-CHL' correlation (Fig. 5a).  This highlights the fact that multiple processes are active, and the sign of the SLA-CHL' correlation is not a completely sufficient diagnostic of the mechanisms of mesoscale physical/biological interaction.  

5.5 Project organization and execution plan 
As principal investigator, Dr. Gaube will oversee all aspects of the project.  A timeline for execution of the various research tasks is shown in Fig. 12.  Dr. Gaube’s and his programmer’s primary responsibilities in year 1 will be to augment and update the various satellite databases (5.1) and use these data to quantify phenomenology of mesoscale physical/biological interaction (5.3); these activities will continue throughout the duration of the project to keep the databases up-to-date.  In years 2-4, Gaube’s primary responsibility will be to determination of mesoscale mechanisms of physical/biological interaction (5.4) using observations (5.1) and the model (5.2).  
Starting in year 1, Dr. Long and an associate scientist will carry out the hands-on work pertaining to modeling objectives 5.2 and 5.3.  Much of this work entails assembling forcing data sets, configuring model integrations and post-processing output.  Construction of the global simulations (5.2) will begin early in year 1 and continue through year 2.  Model-observation comparisons (5.3 and 5.4) will continue from the outset of the simulations in year 1 through the end of the project; Dr. Gaube’s participation in 5.3 and 5.4 will ensure close linkages between the observational and modeling aspects of the project.  Detailed diagnosis of the eddy-driven fluxes (5.3) will begin in year 2 following the evaluation of the simulation in year 1.  Diagnoses of the mechanisms of mesoscale physical/biological interactions will be conducted during all 4 years of the project.
Dr. McGillicuddy will supervise a graduate student in the MIT/WHOI Joint Program who will focus on diagnosing the processes responsible for producing the observed regional variations in the correlation between sea level and chlorophyll anomalies  (5.4).  Likely candidates for regional studies include areas where strong signals are observed and also simulated by the model, such as the California Current, Brazil-Malvinas Confluence, and South Pacific (Fig. 5a).  N.B.  A process study of this type is nearly complete in the Gulf Stream (Gaube and McGillicuddy, submitted) and also underway in the South Indian Ocean.  Dr. McGillicuddy will also interface with Dr. Long in design of the numerical experiments (5.2) and Drs. Gaube and Long in analyzing eddy-induced biogeochemical fluxes (5.3).
Figure 12: Project timeline. Allocation of effort for the three scientific investigators, two programmers, and graduate student is indicated as months. Note that Dr. McGillicuddy’s allocation of effort is comprised of salary time included in the budget as well as advising time for the graduate student which is paid through WHOI’s Academic Programs Office (1 month per year for post-generals students).
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