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   A goal of this project is to measure wave induced bubble clouds and
   their effect on radiance in the upper ocean and to address the fact
   that despite the fundamental importance of optical backscatter in the
   ocean it is still not possible to explain more than 5 to 10 percent of
   the particulate backscattering in the ocean based on known
   constituents even during periods with no active wave breaking (Terrill
   & Lewis, 2004). We want to investigate the role of upper ocean bubbles
   in these processes. In this work we are working closely with David
   Farmer at GSO/URI.
   The role of manmade and natural surfactants in upper ocean processes
   is presently poorly understood. Therefore, a second goal of this
   project is to improve on our understanding of how these surfactants
   modify the bubble field, the surface wave field and ultimately the
   upper ocean radiance.
   OBJECTIVES
   During this project, which is a component of the much larger RadyO
   project, we are addressing the following scientific questions:
     * 
       How does radiant light fluctuate beneath a sea in which waves are
       breaking?
     * 
       Can this variability be explained in terms of measured bubble
       populations with wave scattering models using Mei theory as a
       kernel for light-bubble interactions?
     * 
       Can a predictive model be developed for radiant light that
       includes wave conditions and predicted subsurface bubble
       injections?
   The presence of surfactants on the surface of the bubbles decreases
   their buoyancy and therefore their rise speed. The presence of
   compounds on the bubbles will also modify their dissolution rate and
   will therefore change the dynamics of the temporal and spatial
   evolution of bubble clouds and their size distributions. Bubbles are
   effective at scattering light; thus a proper understanding of the role
   of surfactants on the bubble field is important to understanding
   observed radiance modulations. To improve on our understanding of the
   role of the microlayer and the microlayer surfactants we are
   addressing the following scientific questions:
     * 
       What is the spatial and temporal variability of the air-sea
       interface microlayer and how does the surfactant concentration and
       composition vary throughout the onset and decay of wind events?
     * 
       How does this variability relate to observed variability in the
       horizontal and vertical bubble size distribution?
     * 
       What are the effects of these surfactants on the scattering
       properties of bubbles?
     * 
       What are the effects of microlayer surfactants on radiance
       fluctuations in the upper ocean?
   APPROACH
   With our collaborators at URI and the larger RadyO group of
   investigators, we are measuring bubble injection and radiance
   fluctuations in the upper ocean during wave-breaking conditions. The
   critical measurements of bubble size distributions and the way in
   which they evolve with time after wave breaking, have been carried out
   using three acoustical resonators and an array of three, 2 MHz
   coherent Doppler sonars.
   The instruments and technology for carrying out this work have been
   developed collaboratively by the PI and his collaborator David Farmer
   and the role of microlayer surfactants as part of a program in
   collaboration with Dr. Oliver Wurl to study the role of the surface
   microlayer (SML) in air-sea gas exchange processes. The
   instrumentation required to detect small bubbles has been developed as
   part of a separate project (N000140610379).
   The core of the work this year consisted of significant modifications
   and upgrades to our instrumentation following experiences from last
   years Santa Barbara Channel experiment onboard R/P FLIP and R/V Kilo
   Moana. This work culminated in a number of successful deployments from
   the same platforms off Hawaii in September 2009 as part of the second
   RadyO experiment.
   The equipment modifications included upgrades to the acoustical
   resonators used to measure bubble size distributions over a range of
   bubble radii and air-fractions; upgrades to the recording electronics
   to increase the repetition rate of bubble size measurements to 1Hz;
   doubling of the depth of the 200 kHz transducer suspended below the
   surface following float from 5m to 10m, to allow for observations of
   deeper bubble plumes expected off Hawaii; streamlined and simpler
   surface following float (Figure 1) to reduce weight, resulting in
   improved surface following characteristics, and reduced surface
   footprint, resulting in reduced self-generated turbulence. The
   coherent Doppler sensor geometry was changed to obtain turbulence
   parameters required for dynamic and optical modeling of the upper
   ocean bubble size distributions.
   Another change in the instrumentation configuration, based on the
   experiences from Santa Barbara Channel, was to reduce the depth of the
   CTD/O2/N2 package to 15m, from 30m, to ensure the measurements were
   obtained in the mixed layer. These observations will also be used to
   model the observed bubble field.
    
   Figure 1: (Left) Surface following frame being tested prior to
   deployment from R/P FLIP off Hawaii, September 2009. The frame
   contains instrumentation for measurements of bubble size distributions
   at 1Hz, air-fractions, 3-axis turbulence, salinity and temperature at
   two depths (0.3 and 1.7m) and a 200kHz backscatter sonar suspended 10m
   below the frame. The frame was monitored from FLIP by video cameras.
   (Right) Instrumented frame deployed from R/V Kilo Moana September
   2009. The surface following float contained a downward pointing 1.2MHz
   Acoustic Doppler Current Profiler and an array of fast response
   thermistors covering the upper 1.8m of the water column. The data from
   this platform will be used to interpret optical and microlayer
   surfactant data collected during the experiment.
   RESULTS
   During both the Santa Barbara 2008 and the Hawaii 2009 experiments
   some excellent data sets from a range of sea states were obtained.
   Bubbles, turbulence and waves
   =============================
   The observations of bubbles, turbulence, waves, gases and hydrographic
   conditions are presently being processed to allow for estimates of
   these parameters and subsequent modeling of their role in modifying
   the optical properties of the upper ocean.
   During the Santa Barbara Channel experiment in September 2008
   significant bubble concentrations were detected, including near
   surface (0.5m) air-fractions approaching 0.1% in the earlier parts of
   the experiment, and increasing to more than 10% in the latter part of
   the experiment (Figure 2). The transition to higher bubble
   concentrations around the 15th of September is still not fully
   understood, but changes in the wave field were observed by other
   investigators, including waves from different directions. This
   transition will be investigated in the coming months.
   
   Figure 2: Air-fraction in percent as obtained from the conductivity
   sensor mounted on the surface following float at a depth of 0.5m (blue
   line) and the associated wind speed (red line) for the Santa Barbara
   experimental period. A significant change happened around September 15
   when the bubble concentration increased significantly while the wind
   speed did not.
   Surfactants Fields during the Santa Barbara Channel RaDyO experiment
   ====================================================================
   During the first days of the Santa Barbara experiment, small and large
   slicks were observed in the study area. Sea-surface microlayer samples
   were skimmed within such areas as well from non-slick areas and
   different particle concentrations were observed between the Surface
   MicroLayer (SML) and bulkwater collected at a depth of 1 m. In
   addition, water from the CTD was collected several times for analysis
   of surfactant contents.
   Results from this study of surface-active substances (SAS) in the SML
   of the Santa Barbara Channel suggest that the SML is stable enough to
   exist at typical oceanic wind conditions and that stratification plays
   an important role in SML formation through accumulation of
   surface-active organic matter above the pycnocline. We measured
   surface-active substances, total dissolved carbohydrates (TDC),
   chromophoric dissolved organic matter (CDOM) and transparent
   exoploymer particles (TEPs) in the SML and the underlying bulk water.
   While the enrichment factors of those compounds, defined as the ratio
   of the concentration in the SML to that in the corresponding
   underlying water, were generally less than 3, significant enrichment
   in the microlayer persisted at wind speeds greater than 6ms−1 (up to
   9.6ms−1, the highest winds observed), which is close to the average
   global wind speed over the ocean. Additional measurements from three
   water column profiles indicated that stratification of the water
   column led to an accumulation of surface active organic matter above
   the pycnocline. Carbohydrate-rich TEP correlated significantly with
   the density of the water column indicating an upward flux of these
   gel-like particles towards the SML (Figure 3) (Wurl et al., 2009).
   (a)  (b)
    
   (a)
   (c)
   Figure 3: (a) Variation of transparent exoploymer particles (TEP)
   concentration with water column density for three profiles collected
   during the Santa Barbara experiment. Broken lines are the 95%
   confidence intervals. (b) Variation of TEP concentration with
   Chlorophyll a concentration. (c) Linear correlation between TEP
   enrichment (EF TEP) in the Surface MicroLayer (SML) and the wind speed
   at 10 m height (U10). Broken lines are the 95% confidence bands.
   During the September 2009 experiment off Hawaii, 36 additional samples
   from the SML and bulk water (1m depth) were collected at wind speeds
   ranging from 0.7 to 9.5 m/s. Small boat operations were restricted to
   wind speeds typically below 7 m/s for safety reasons. On September 9,
   the lower unit of the outboard engine, including the propeller, was
   lost during operations. No spare engine was available and small boat
   operations were further restricted. On September 13 very calm sea
   conditions allowed small boat operation by tying the boat to a 200 m
   long rope at the stern of the KM.
   During the coming months the significant data sets obtained during the
   two field experiments off Hawaii and in Santa Barbara channel will be
   analysed to address the scientific objectives outlined above.
   IMPACT/APPLICATIONS
   This effort will provide more detailed information about the presence
   and number of bubbles and surfactants in the upper ocean and their
   potential role in optical scatter.
   RELATED PROJECTS
   The development of a high-frequency, tiny bubble detection device is
   progressing under a separate RadyO project (N000140610379).
   REFERENCES
   Wurl, O., Miller, L., Röttgers, R., Vagle, S. 2009 The distribution
   and fate of surface-active substances in the sea-surface microlayer
   and water column, Marine Chemistry 115, 1-9
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