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Abstracts of Invited talks

Are we observationally ready to quantify the impactof the submesoscale?
Allen, John T., A. Martin, E. Popova, P. Statham, J. Kaiser, MPiggott and T. Rippeth
National Oceanography Centre, Southampton, United Kigdom

Baroclinic instability is the open ocean mechantenough which available potential energy is releas#¢igh
resolution modelling studies have indicated thatashgic small scale flows associated with oceanintér@nd
eddies are a dominant component of this mechaniemthe observed patchiness of marine algae
(phytoplankton) blooms. High resolution observasidiave shown that sub-mesoscale flows (~5-20 lade)sc
may provide both the fertilisation mechanism fotrimnt depleted surface waters and a subductiorhamesm

for the rapid export of phytoplankton biomass te tleep ocean. We present a multidisciplinary amalyf the
data from an example of these studies in which asehhe first direct observations of the sub-mealesc
transport of phytoplankton. These data confirng tinansport is constrained by the requirement tsee
angular momentum, expressed in a stratified watleman as the conservation of potential vorticity.

Understanding the basin scale impact of these sswale processes presents our biggest observatione
challenge. We present a consideration of the gssbehind Munk’s recipes and show that theoryetso
and observations suggest traditional mixed laypthdautrient budget estimates for open ocean negdyation
may be out by a factor of 2We highlight how a historic perception of the thefraline circulation has led to a
systematic misunderstanding of the annual supplyet nutrients to the photic zone of the open ocean
Finally we consider an international programmexpl@t new observational capabilities. We inveateghow

the analysis of the distribution of naturally oatng radionuclides, the deployments of fleets ofoaomous
gliders, swath altimetry, radical new data analysmas$ simulation techniques and the advancemendaytave

grid models will all play an important role in futu observational programmes to quantify the dynamic
component of the biological carbon pump.

The Canary Islands CTZ region: Ecosystem responseotthe interplay between upwelling filaments,
eddies and island wakes.

Aristequi, Javier *, Eric D. Barton?, Pablo Sangrd, Evan Masort

'Facultad de Ciencias del Mar, Universidad de Las Palmas de Gran Canaria, Spain

?| nsitituto de | nvestigaciones Marinas de Vigo, CSIC, Spain

The Canaries-Coastal Transition Zone (CTZ) spamsegson of high mesoscale and submesoscale activity
between the NW African coast and the open oceaarws/af the subtropical gyre. Wind and current sla¢dne
flanks of the islands produce convergence and gerere fronts, which increase primary productivithda
affect plankton distribution. Downstream of thearslls, mesoscale eddies are generated by a combine
mechanism of flow perturbation and Ekman pumpingui@er-paired eddies act as a two-way biologicahpu
accelerating the production and transport of orgamtter in the water column. Overall, the eddidfsouth of

the islands contributes per surface unit as mutcheasearby coastal upwelling to new productiothmregion,
enhancing the sinking carbon flux with respectaeffeld stations. Eddies may interact with coasfalelling
filaments exchanging water and biological propertie situ and remote sensing observations haveated a
permanent zonal “eddy corridor” that may behavea ascurrent offshore pump of organic matter from th
coastal upwelling to the subtropical gyre. Hightsdaresolution observations at boundary regionsvben
filaments and eddies indicate that convergencedrtavour the accumulation and sinking of smalkipkas to
higher density layers in the dark ocean, where mocganatter accumulates. Suspended particles may be
transported offshore in intermediate layers coatiyg more than the sinking flux to the remineratian rates

in the dark ocean. Recent modelling studies sugipestsubmesoscale transient fronts with strongiozsr
velocities are widespread and could largely coatalio the productivity and carbon fluxes in theZd&gion
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Upper ocean submesoscale frontal turbulence: manigéation, processes and effects.
Capet, Xavier. LPO, Brest, France

Horizontal resolution for regional-scale observaticampaigns and model solutions now routinely reach
down to O(1 km). This has led to ample evidencasttie near-surface flow is energized at scalesnaré&km
(i.e. within the submesoscale range) in conjunctath increased thermohaline frontal activity. O tother
hand, submesoscale frontal activity manifestsfiisevarious ways and can be difficult to quantif/g. using
spectral methods). In this talk, some aspects lninesoscale turbulence are reviewed: its manifesigin the
ocean, underlying processes, role for the largalesacean functioning and remaining open issues.ohmect
with ocean biogeochemistry, particular emphaspiison tracer fluxes driven by submesoscale turtngde

Competitive dynamics of phytoplankton: from calm toturbulent waters.
Cermefio, Pedro Universidad de Vigo, Spain

Ocean physics strongly influences the distributbmnarine planktonic microbes, yet the specific heetsms
involved are not fully understood. In this preséota | will first review concepts and empirical deince
linking phytoplankton functional groups to upperean physical structures. Then, | will present rissof
competition experiments between two species of meaphytoplankton, a diatom and a coccolithophore,
growing in continuous culture systems with nitragea single limiting nutrient. These experimentsusating

the response of primary producers to variable entrinputs, demonstrate how the dynamics of nutrien
injection select for specific phytoplankton taxass&ssing the importance of mesoscale and submésosca
physical processes in delaying, diverting or rasgtphytoplankton succession in the ocean requrestter
understanding of how phytoplankton communities oesito variable resource supply and implies thaldee
experimental approaches and modelling analyseig/latsipatial resolution.

High resolution remote sensing synergy in studied mesoscale and submesoscale dynamics
Chapron, Bertrand. LOS, Brest, France

Ubiquitous surface signatures are revealed by tegblution remote sensing measurements such agrdata
high resolution optical, infrared and radar imagesday, satellite altimetry data cannot resolve |lsszles,
and such a wealth of information is very diffictdt fully interpret and use. Despite the importanteipper
ocean dynamics, many aspects at scales smalleR@hkam are thus still unknown.

To address this issue, recent efforts are directedthe synergy using the different available swfac
measurements. Especially, it will be discussedyaimlto efficiently combine the lower resolutioriraketer
data with sequences and snapshots of higher resoluhages. In such a context, we will present méce
developments to help identification of the uppeeart small scales by an approach combining remot&rge
low and high resolution products, realistic higbalaition modelling and theory/idealized models.

Modelling Diverse Marine Ecosystems: How does readgion matter?
Clayton, Sophie Department of Earth, Atmospheric and Planetary Siences, MIT, and, Physical
Oceanography Dept, WHOI

Small scale physical processes in the ocean arenrkiio be important for primary production but aret n
typically resolved in global ocean models. Recéntliss comparing highly idealized models run afediifig
resolutions, from large- to meso- to submeso-scaleswv that increasing resolution can have a diareéfect

on rates of production and biomass for simple Nzt tmodels. However very few of these studies have
sought to explore the effect on community structimethis study we compare the output from a glaizdan
model with a diverse plankton ecosystem, run &b hotand 1/60 (eddy-permitting) resolution. Whemrevpus
studies have concentrated on the effect of resnluin bulk ecosystem properties such as biomasgrandry
production and export rates, we explore how thectire of the ecosystem is affected by changesadein
resolution. We find that although the regional bloi&geochemical properties of the models are giifterent,
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when globally integrated they are very similar. Thedelled plankton ecosystem is robust between wuitins
only small changes in diversity and rank abundariceodeled plankton types.

Observations of submesoscale flows and their effscbn productivity
D’Asaro, Eric. Applied Physics Laboratory, University of Washindgon, Seattle, Washington USA

We have explored submesoscale flows by surveyieg3id time-evolving structure around a Lagrangian
trajectory marked by a neutrally buoyant float gseither a profiling body towed by a ship or anagrof
autonomous gliders. Detailed studies of the kil@nstzed volumes along density fronts have revetied
stripes of negative potential vorticity caused towd-front wind stress, evidence for symmetric ibgity
within these stripes and suggestions of interactigh larger scale, near-inertial motions. Longamnt studies

of the 5-50 km scale evolution of the springtimertRoAtlantic bloom show significant modulation dfet
bloom intensity and timing, and of associated carxport, by submesoscale features.

The submesoscale structuring role of horizontal stiing on marine ecological and biogeochemical
dynamics.
D’Ovidio, Francesca ISC-PIF/LOCEAN, Paris, France

On the ecological timescale of planktonic bloomay&iweeks), the horizontal stirring structures dloean
upper layer in submesoscale filamentary domainsootrasted physical and biogeochemical properfibs.
role of submesoscale filament dynamics on fuellamgl organizing in space primary production is now
recognized, but its effect on the community streef phytoplankton - and possibly higher levetta# trophic
chains - is mostly unknown. Nevertheless, thisrmiation is of critical relevance for many issud Ifishery
management, ecosystem conservation, understandargnenbiodiversity, and for better integrating the
ecological processes into the biogeochemical cyétesusing on Lagrangian diagnostics like the Lyaw
exponent calculation, here | will show how synomptiaps of submesoscale filaments can be reconddrircie
available global datasets like altimetry-derivedate velocities. In this way, some of the submealesocean
variability can be retrieved at the global scalg.d®mbining this information with phytoplankton atatjged
marine predator data, | will argue that submesesfi@ments can be considered as the building Islatkhe
planktonic ecological landscape, playing the rdléwd dynamical niches. The possibility of idefiytng these
niches in real time opens new perspective for tim surveys, allowing to design a novel type of ekpents,
aimed at better quantifying the role of planktonlegy on the biogeochemical cycles.

On mesoscale and submesoscale influences on a egifanizing ecosystem model with application to the
California Current System
Edwards, Christopher. University of California, Santa Cruz, USA

Traditional ocean ecosystem models are usually tamied with a small number of autotrophic
organisms. While the limited biological represéiota minimizes computational cost and simplifies dab
analysis, it also eliminates the potential for wi&igcommunity response to environmental niches edelay the
physical circulation. We report on a new ecosystaadelling approach with substantially greater dgatal
resolution. The model consists of 78 phytoplanktgpes that fall within 4 functional groups and wsbo
physiological traits are randomly selected witheasonable bounds. The model is applied to a aitiocul
model for the California Current System (CCS), twlection of poleward and equatorward surface and
subsurface currents found off the west coast ofttiNémerica. Realistic models of the CCS exhibdhri
mesoscale and, depending on resolution, submesofeatures. The ecosystem model produces a robus
seasonal cycle and biogeography that resemble®tliae CCS. In particular, nearshore upwellingeare
characterized by diatom blooms, offshore regiors rech in Prochlorococcus-type organisms, and small
picoeukaryote-like phytoplankton are relativelyauitous. In this talk, we describe the structureeasonally
varying fields obtained with this model for the C@8d examine how mesoscale and submesoscale feature
influence the trophic structure and phytoplanktoocgssion.
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From stirring to mixing at the ocean submesoscalghysics and biology
Ferrari, Raffaele. Massachusetts Institute of Technology, USA

Eddy fluxes of momentum, buoyancy, and materiaders exert a profound influence on the oceanic rgéne
circulation and on the overall biogeochemical cgclEnhe traditional view is that these fluxes areoiated by
geostrophic eddies at the mesoscale and three siiomah eddies at the microscale. In this study madyee the
interactions between these two classes of motiadsshow how they modify the development of turboéen
and biological processes in the ocean. Interacti@tween mesoscale and microscale turbulence hagigba
submesoscale, i.e. scales between tens of kilosneted tens of meters. In the ocean interior, moaies
turbulence homogenizes the submesoscale tracenefiis generated by geostrophic eddies; there is nc
evidence for a strong modulation of microscale uigbce by geostrophic eddies. In the upper ocestead,
microscale turbulence is enhanced at submesosoads fgenerated by geostrophic eddy stirring. These
observational results are interpreted in view ckrg developments in the theory of geostrophicuigrce. In

the upper ocean, the presence of a free surfam@safbr the development of sharp density frontesehlateral
fronts modulate the air-sea fluxes and profoundiigca microscale turbulence in the surface boundayers.
The modulation of microscope turbulence furtheee productivity in the upper ocean. We will cardd by
discussing the implications of these results fa thpresentation of turbulence and biological pees in
ocean models.

From subgrid physics to subgrid biophysics: Un défsubmeso
Fox-Kemper, Baylor. CIRES, University of Colorado, Boulder, USA.

Developing subgrid parameterizations for physicalcpsses is clarified by adapting the Reynolds-Agieig
approach from turbulence modelling to mesoscale amdmesoscale physics, and extrapolating across
unknown scales using known scaling laws. Follgwtime same approach for biophysical parameterizsii®
nontrivial. The known scaling laws do not applybtoactive tracers, even though they may apply taemnis in

the absence of biology, for example. An analy$ithe effects of incorporating a physical submeateseddy
parameterization in a number of global climate n®ded challenges to extending this to a biophysica
parameterization will be presented.

New tools to observe and model submesoscale dynamic
Franks, Peter. Scripps Institution of Oceanography, La Jolla, U&

This talk will have two parts. | will first desceba new sampling tool that Jules Jaffe (SIO) arthve
developed: the miniAUE (Autonomous Underwater Exgip These vehicles are about 1 liter in volunme] a
have active buoyancy control. They can receive comeoations from GPS-tracked surface drifters, ailhaw
them to obtain 3D underwater location fixes. Weigiom deploying swarms of these drifters in theasge
assimilating their data into physical models toaiithighly resolved estimates of the flows and dlnin the
ocean on the submesoscale. The second part ofatkewtll introduce a near-continuum size-structured
plankton model that | have developed with Francislid (U Waterloo). This model has analytical steathtes,
allowing a thorough exploration of the factors det@ing planktonic size structure. | will also ayed a time-
dependent version of the model to understand hdwnesoscale-driven nutrient pulses might alter ihe s
distributions of the plankton, and the time scalesr which we would expect to see a response.

Development of High-resolution Wide-Swath Altimetryfor Observing the Oceanic Submesoscales
Fu, Lee-Lueng Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109
Rosemary Morrow, Observatoire Midi Pyrenees, Toulose, France

Satellite altimetry has revolutionized the studytbé global oceans for the past two decades. Rvacis
altimetry missions like TOPEX/Poseidon, Jason-H @$TM/Jason-2, complemented by other missions like
ERS 1 and 2, ENVISAT, and GFO, have provided urgntented observations of the ocean surface topograph
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leading to significant advances in our understagaih global ocean circulation and sea level champa
merged from two altimeter missions have provided-timensional maps of ocean variability at wavethag
larger than about 200 km and led to a rich disopeéthe characteristics of ocean mesoscale eddldsugh
along-track one-dimensional profiles of sea surfaeght have higher resolution, the limited measumet
precision has prevented resolving wavelengths shdntan 50-100 km, including the submesoscalesédtet
important for understanding the dynamics of theaodenetic energy and the vertical transfer proegess the
ocean that account for 50% of the exchange of watgperties (nutrients, dissolved ¢@tc.) between the
upper and the deep ocean. These processes acaldatiunderstanding the role of the ocean in tlobaj
carbon cycle and climate change. A new space missatled Surface Water and Ocean Topography (SWOT)
is being developed jointly by international oceampdic and hydrological communities for making Righ
resolution measurement of the elevation of oceafase topography and land surface water to study th
oceanic submesoscale processes and the storagéeahndrge of land surface water. SWOT was recomegend
by the Decadal Survey of the US National Reseamm€il involving wide representation of the Eartiesice
community. The key instrument payload is a Ka-beatthr interferometer capable of making high-resmut
wide-swath altimetry measurement. The developmétihe mission has been proceeding as a joint effbrt
NASA and CNES, following the long-lasting traditiomcollaboration in radar altimetry over the paStyears.
The science objectives and requirements as wélleasieasurement approach of SWOT will be presented.

On the role of meso-scale eddies for productivityrad carbon export in eastern boundary upwelling
systems

Gruber, Nicolas', Zouhair Lachkar?, Hartmut Frenzel?, Patrick Marchesiello?, Matthias Miinnich?,
James C. McWilliam&, and Takeyoshi Nagdi

'Environmental Physics, Institute of Biogeochemistngl Pollutant Dynamics, ETH Zurich, Zurich,
Switzerland.

“Department of Atmospheric and Oceanic Sciencedmsiiiute of Geophysics and Planetary Physics, UCLA
Los Angeles,

CA, USA.

|RD Noumea Center, Noumea, New Caledonia.

“Tokyo University of Marine Science and Technolo@gkyo, Japan.

Several open ocean studies have suggested thasettl other meso-scale processes tend to enhance
biological production in the ocean, particularlylamv nutrient environments. We propose that mesdesc
processes have the opposite effect in eastern bopngwelling systems, i.e. they tend to reducéobioal
production and the downward export of organic nmaWée base these findings on a set of eddy-resplvin
simulations of the California and the Canary Curf®ystems with the Regional Oceanic Modelling Syste
We interpret this reduction effect to be primathy result of eddies causing a net lateral lossigients from
the near-shore environment of these eastern boyngarelling systems. This initial effect is enhasd¢lerough
a positive feedback, whereby lower production axubet leads to less remineralization and nutrielditgon to
the waters that later upwell, causing a furtherekese in production and export. Eddies cause afasstrients
from eastern boundary upwelling systems becauseitidece a lateral transport that brings warm, ieatr
depleted waters toward the shore, thereby enhattostratification, and increasing the subductibthe
upwelled waters at the sharpened upwelling frohe 3ubducted water tends to take unutilized nusialong,
which are then transported further offshore by wastl propagating eddies, resulting in a net lossutfients
from the upwelling system. Our model-based conohsare supported by observations from all eastern
boundary upwelling systems that indicate that systeith higher eddy activity, such as the Califar@iurrent
System, tend to have lower productivity than expedn the basis of the strength of the upwelling@aable
winds.

Coupling of ocean interior with surface through sulmesoscales
Lapeyre, Guillaume. LMD/IPSL, Paris, France & Klein, Patrice LPO Brest, France

Until the last 10 years, it was thought that theast dynamics at mesoscales (100-1000 km) was dbyen
interior potential vorticity anomalies. This led the development of the geostrophic turbulence rthes
initiated by Charney (1971), that helped to exptam partition of energy between potential and tknand the
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typical length scale of mesoscale eddies. Thisctc@xplain also the vertical and horizontal transgord
mixing of tracers such as density compensatedigatemperature anomalies. The last years havesitedi the
mesoscale dynamics taking into account the impoetar surface density fronts at submesoscales QD&
in width). The presence of surface submesoscatgdtoas been shown to strongly modify the 3D pantiof
mesoscale energy. Also it strongly enhances thacakrexchanges of tracers in the upper ocean had t
ageostrophic processes (cyclone-anticyclone asymnrestratification). In this talk, | will reviewur current
understanding on this topic. | will also discuss tmpact on biogeochemical processes: both in tefrasnew
vertical pump forced by surface mesoscales, amerims of spatial organization of nutrients and ppiankton.

Submesoscale control of the mixed layer depth antkiimplications for carbon uptake in the Ross Sea
Leif, Thomas, Matthew Long, Department of Environmental Earth System Science, Stanford University,
USA

The presence of submesoscale flows in the upp@nco@nfounds the traditional one-dimensional parador
the evolution of the mixed layer (ML). In frontagions submesoscale processes such as frontogdfiaasn
advection of buoyancy, and ML instabilities can mpthe stratification at rates that can easily eea those
associated with air-sea fluxes. In this presematiawill give an overview of the submesoscale po&n
vorticity dynamics that govern the re- and dedicaiion of the ML and describe the implications t@rbon
uptake in high-latitude, nutrient-rich waters sashthe Ross Sea. In these regions phytoplanktantlyican be
light-limited, and thus submesoscale processesafif@tt the shoaling and deepening of the ML cawlutate
the strength and variability of primary productwiObservations from the Ross Sea suggest thagfiieist was
particularly active at the start of the spring todJnderway and CTD data reveal high chlorophyglly pCO2
and enhanced stratification in the proximity offft®@ At the time of the observations, the predomting-front
winds were of the sense to drive Ekman restratiboa Numerical simulations configured with fronts
representative of the region and forced by obsearedea fluxes confirm that Ekman advection of yancy
contributes significantly to enhancing the straéfion, productivity, and CO2 fluxes in the Rosa.Se

Coupling between physics, biology and chemestry ithe ocean at the sub-mesoscale : how does it affect
oceanic pCO2 and carbon export ?
Lévy, Marina. LOCEAN-IPSL, CNRS/UPMC/IRD/MNHN, Paris, France

The ocean is a turbulent flow, populated by numgratrongly interacting, mesoscale eddies. Theseegd
have diameter of the order of 100 km and a lifeetiof a few months. Their interaction leads to isgesub-
mesoscale features, mostly in the form of filamerftsnly a few km width and duration of a few days.
Oceanic filaments are highly energetic, and th@nature is evident on satellite images of seaaserf
temperature and chlorophyll. However, observing arodelling filaments is a challenge, due to theuned
space and time resolution. Currently, the varigbitif oceanic pCO2 associated to these filamentsften
omitted in our analyses of the carbon cycle. What the processes responsible for the sub-mesoscal
variability of oceanic pCO2? Do sub-mesoscale fdata participate to the export of carbon belowdihghotic
layer? What kind of errors should we expect frogirtbmission, in models, in data analysis?

In this presentation, | will review the physical chanisms occurring at sub-mesoscale and show heyvctin
affect sources, sinks and distribution of pCO2ill eistinguish between lateral stirring processeiich create
large pCO2 gradients over very small spatial s@aié, vertical processes, which modify the suppiiesll the
tracers involved in the pCO2 and modify the biodmmical properties of water masses that are subdutt
will provide some first global maps, showing thepomtance of these two types of processes.

Regulation of photosynthetic light, nutrients and arbon by submesoscale dynamics
Mahadevan, Amala Boston University, USA

We explore some of the roles that submesoscaleegses play in influencing the growth of phytoplamkt
These include (i) the generation of stratificationthe mixed layer, which alters exposure to ligfi), the
vertical supply of nutrients by advective fluxesass the base of the mixed layer, and (iii) therkdttransport
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and subduction of phytoplankton from regions ofivactiroduction. Using numerical simulations of ndxe
layer eddies, eddy-driven vertical fluxes at froraad cross-frontal transport in filaments, we déscthe
dynamics underlying each of the phenomena and ¢fffeict on the production and export of phytoplankt

Mechanisms of interplay between ocean turbulence drthe marine ecosystem
Pasquero, Claudia Earth System Science Dept - University of Califaria, USA.

Several mechanisms that depend on the fluid dyrsaemd are potentially important for the marine gstem
will be summarized. The importance of spatial aachgoral variability of the nutrient fluxes, the eobf
mesoscale lateral advection, the effect of vertioation at the submesoscales are some issues ihdtew
discussed, together with their impact on largeesealosystem and climate models. The results pexseame
based on studies performed with ocean models &érdiit complexity, ranging from simple idealizedxbo
models to regional primitive equation ocean modelspled with simple ecosystem models.

Finally, we will move to the microscales, givingbaief description of the interaction between indivl
plankton motion and three dimensional eddies iurdulent environment. New numerical results will be
presented, and a novel mechanism that affectsribeuater rate between individuals and the settiatg will

be introduced.

Observing horizontal structure in the upper oceanFrom ships to underwater gliders
Rudnick, Daniel. Scripps Institution of Oceanography, La Jolla, U&

The observation of horizontal structure in the uppeean has progressed tremendously over the past f
decades. Ship surveys progressed from discretersao the widespread use of towed vehicles inldte
1980’s and early 1990’s. These undulating towedcle$ led to an explosion of observational reseanti
what is now called the submesoscale. Parallel ibativance in platforms was the development of griign
optical sensors to measure biological variableg Mieasurement of physical and biological variabligls the
same fine spatial resolution has led to fundamewetsdarch of physical/biological interactions. Canto the
upper ocean biogeochemical cycle is the verticed @f tracers. The estimation of these fluxes isetive area
of research, with the use of omega equations & wdrtical velocity as an ongoing thread. Undeewagtiders
hold promise for a major advance in knowledge ef $hbmesoscale because of their sustained preardce
fine horizontal resolution. The first results fraghiders are beginning to demonstrate such findiagshe
seasonal modulation of the submesoscale. Challengelved in using gliders include their relatiiewness
and limited payload.




