C. Project Description

Carbon export associated with free-drifting icebergs in the Southern Ocean

A. Introduction 


Global warming and its disproportionate impact on polar regions have been topics of much recent discussion and research (Zwally et al., 2002; 2005; Overpeck et al., 2006).  Regional warming around West Antarctica including the Antarctic Peninsula (Steig et al., 2009; Thompson and Solomon, 2002; Montes-Hugo et al., 2009; Vaughan et al., 2001) has been correlated with retreating glaciers (De Angelis and Skvarca, 2003; Doake et al., 1998; Smith et al., 1998, Cook et al., 2005; Velicogna and Wahr, 2006), resulting in significant ice mass losses over the past decade (Rignot et al., 2008).
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There have been increased occurrences of large icebergs (> 18.5 km long) originating from ice shelves in the Ross, Bellingshausen and Weddell Seas (Scambos et al, 2000; Bindschadler and Rignot, 2001; Ballantyne, 2002; Long et al., 2002).  A significant increase in the number of icebergs observed by satellite since 1999 has been attributed primarily to major calving events in the Weddell and Ross Seas (Ballantyne, 2002; Stuart and Long, submitted).  Additionally, a study conducted more than decades ago estimated there to be 200,000 icebergs in the Southern Ocean with linear dimensions of tens of meters to tens of kilometers (Orheim, 1988 in Williams et al., 1999).  However more recent estimates of the abundance of smaller icebergs (<4km) have not been conducted.

Icebergs range in size from growlers and bergy bits, < 15 m in largest dimension, up to very large tabular icebergs that can exceed 300 km in length.  The majority of icebergs have been estimated to range from 60 to 2200 m in length, with thicknesses that vary between 150 and 550 m, depending on the shelf calving site (Gladstone et al., 2001).  Icebergs fragment and become smaller with age due to evaporation, melting, wave-induced erosion and fracturing (Kristensen, 1983; Scambos et al., 2005). The Coriolis force entrains icebergs from many geographic sources in the counterclockwise flow of the coastal current around Antarctica, although this flow is diverted by topographic features such as along the eastern boundary of the Weddell Sea (Gladstone et al., 2001). Along the eastern side of the Antarctic Peninsula the Antarctic Coastal Current combines with the offshore Antarctic Slope Front and Weddell Fronts, extending over the continental slope and deeper depths, creating a strong barotropic, northward flow in the northwestern Weddell Sea (Thompson and Heywood, 2008) and entraining large numbers of icebergs from multiple origins around Antarctica (Ballantyne, 2002; Schodlok et al., 2006). Ninety percent of all the icebergs detected with the satellite scatterometer (SeaWinds) around the Antarctic continent from 1999 to 2009 accumulated in the Weddell and Scotia Seas (Fig. 1a; Stuart and Long, submitted).

Depending on topography and seasonal pack ice distribution, icebergs can be divided into three general categories:  1) Grounded icebergs that are geographically stationary because they are in contact with the sea floor; 2) Constrained icebergs that are generally free-floating but surrounded by seasonal pack ice; 3) Free-drifting icebergs that are unrestrained.
 Little was known about the impact of free-drifting icebergs on the surrounding pelagic environment until several years ago.  Increased concentrations of Fe and chlorophyll-a accompanied by increased abundance of nanoplankton were measured in the wake of a drifting iceberg in the S. Indian Ocean (de Baar et al., 1995).  At higher trophic levels, the density of acoustically-reflective targets, believed to be zooplankton and micronekton, were twice as high under a free-drifting iceberg when compared to surrounding open water in the Weddell Sea (Kaufmann et al., 1995).  Juvenile icefish were observed in small holes within the walls of a large iceberg in the Ross Sea (Stone, 2003), and top predators such as Chinstrap penguins and Antarctic fur seals were shown to associate with icebergs in the NW Weddell Sea (Joiris, 1991; Ribic et al., 1991).  Communities of seabirds, including Southern Fulmars, Wilson's Storm Petrels, Antarctic Petrels and Mottled Petrels, have been associated with icebergs in the Ross Sea (Ainley et al., 1984). 

Given the increasing frequency of icebergs in the Southern Ocean and the paucity of data concerning their impact on the surrounding water over their life span of months to years, our group was awarded a National Science Foundation Small Grant for Exploratory Research in 2005. We hypothesized that icebergs can have important structuring effects on local pelagic communities and formulated the following null hypothesis: as drifting islands, icebergs impart no significant chemical and biological characteristics to the surrounding water when compared to more peripheral waters some distance away. 

Results from this preliminary iceberg study in the NW Weddell Sea (Dec. 2005) showed that free-drifting icebergs are hot spots of chemical and biological enrichment.  Two free-drifting icebergs, ranging in size from < 2km (W-86) to 21 km (A-52) in length, revealed substantial enrichment of the surrounding waters with high concentrations of terrigenous material, chlorophyll, krill and seabirds in a halo effect surrounding each iceberg (Smith et al., 2007).  Further extrapolation of this area of enrichment to a population of icebergs derived from satellite images suggested that free-drifting icebergs could influence the pelagic ecosystem with enhanced production over a considerable area of the Southern Ocean. A subsequent study using satellite derived ocean color and iceberg tracking also showed enhanced phytoplankton biomass associated with icebergs in the Weddell Sea (Schwarz and Schodlok, 2009).

Of particular interest is the role that icebergs may play as sources of iron (Fe) and other micronutrients to Antarctic waters.  The Southern Ocean is the largest of the high-nutrient, low-chlorophyll (HNLC) oceanic regions, and it is thought to play an important role in global climate dynamics (Sarmiento and Orr, 1991).  Phytoplankton in much of the Southern Ocean are limited by Fe availability (Martin et al., 1990; de Baar et al., 1990; Boyd et al., 2000; Gervais et al., 2002; Coale et al., 2004), leading Martin (1990) to suggest that Fe fertilization of the Southern Ocean may have contributed to the drawdown of atmospheric CO2 during the last glacial maximum.  More recent analyses have questioned the importance of this mechanism (Rothlisberger et al., 2004; Kohfeld et al., 2005), but uncertainty about the magnitude of terrestrial dust fluxes remains (Wolff et al., 2006; Maher and Dennis, 2001; Cassar et al., 2007; Boyd et al., 2009).  Aeolian dust inputs, well represented in Antarctic ice cores (Petit et al., 1999), have received the most attention, but icebergs may also serve as a significant source of Fe to the Southern Ocean.  High concentrations of dissolved and particulate Fe have been measured in floating ice of glacial origin (Martin et al., 1990; Lin et al., submitted; Shaw et al., submitted), and there is evidence that Fe concentrations are elevated in the wake and immediate vicinity of icebergs (Westerlund and Öhman, 1991; de Baar et al., 1995; Löscher et al., 1997).  Although these authors calculated the potential dissolved Fe contribution from melting ice to be minor relative to shelf transport and upwelling of deep waters, they did not consider the terrigenous particulate material contained within glacial icebergs.  Depending on availability, this material could represent a much larger source of Fe to the surrounding waters than calculated simply from the melting of ice (Raiswell et al., 2008).

The loss of approximately 150 x 109 tons of ice per year (in large part as collapsed ice shelves) from all of Antarctica (Velicogna and Wahr, 2006) begs for an evaluation of the contribution of detrital material as a Fe source to the surface waters of the Southern Ocean.  Recent tracer studies using short lived Ra isotopes suggest that the delivery of ice-rafted detrital material to surface waters of the Weddell and Scotia Seas exceeds current dust input by several orders of magnitude, and estimated paleo dust flux by at least one order of magnitude (Smith et al., 2007). In contrast to pack ice, these icebergs contain large amounts of terrestrial material as accumulated dust, glacial detritus, and shelf sediments (Shaw et al., submitted). 


It was suspected from our preliminary study that the two icebergs we extensively studied influenced the surrounding pelagic ecosystem with increased inputs of detrital Fe as well as increased abundance of phytoplankton, zooplankton and micronekton. Although our information on the dynamics of iceberg ecosystems is very limited, it is critical that we gain an understanding of their influence on the Southern Ocean, given the increasing abundance of these drifting islands of ice over the past decade.  Nutrient enrichment related to free-drifting icebergs should have a pronounced impact on the surrounding oceanic ecosystem as artificial nutrient enrichment studies (Boyd et al., 2000; Coale et al., 2004) and natural enrichment studies (Blain et al., 2007; Pollard et al., 2009) have already shown. Given the higher abundance of pelagic consumers surrounding icebergs, Fe fertilization by the melting of debris-laden ice should result in significantly higher C export as exhibited in natural Fe enrichment studies with established communities (Blain et al., 2007; Pollard et al., 2009) compared to lower export observed by short-term, artificial Fe fertilization experiments (e.g. Coale et al., 2004). The established community of consumers surrounding free-drifting icebergs and areas of natural Fe upwelling insures rapid and efficient conversion and packaging of primary producers to POC (as fecal material). Increased primary production and sedimentation associated with the expanding number of free-drifting icebergs have the potential to increase the draw-down and sequestration of CO2 in the Southern Ocean thus impacting the global carbon cycle to possibly significant proportions.

B. Results from PREVIOUS NSF Support  Collaborative Research: Free-drifting icebergs as proliferating dispersion sites of iron enrichment, organic carbon production and export in the Southern Ocean, 08/01/2007 to 07/31/2010. [Ant – 0636813(Smith, Robison), Ant-0636319 (Shaw, Twining), Ant-0636809 (Kaufmann), Ant-0636730 (Vernet), Ant-0636723 (Helly), Ant-0636440 (Long), Ant-0636543 (Murray)]

Subsequent funding allowed us to continue addressing the importance of icebergs as natural sources of fertilization and pelagic ecosystem alteration. This second field study was conducted on two cruises, June 2008 and March/April 2009, to address the following questions: 1) What are the physical dynamics (approximate size, shape, abundance, spatial distribution and movement) of free-drifting icebergs on temporal scales of days to months based on the correlation of field measurements with imagery derived from satellite sensors? 2) What is the relationship between the physical dynamics of free-drifting icebergs and the Fe and nutrient distributions of the surrounding water column, on temporal scales of days to weeks? 3) What is the relationship between the Fe and nutrient distributions associated with free-drifting icebergs and the organic C dynamics of the ice-attached and surrounding pelagic communities of organisms (microbes, zooplankton, micronekton), on temporal scales of days to weeks? 4) What is the relationship between the organic C dynamics of the ice-attached and surrounding pelagic communities of organisms (microbes, zooplankton, micronekton) and the export flux of particulate organic C from the surrounding mixed layer, on temporal scales of days to weeks? 5) What is the estimated combined impact of the population of free-drifting icebergs in the Weddell Sea on the natural enrichment, C production and particulate export from the mixed layer, on temporal scales of days to months? These questions were examined using newly developed instrumentation, including a water-sampling/imaging ROV, UAV and Lagrangian sediment traps. 

Physical dynamics of icebergs (Helly, Long, Sprintall):  The surface meltwater from icebergs are detectable as far away as 19 km and persist for at least 10 days. Icebergs can disrupt the Upper Circumpolar Deep Water to depths up to 1500 m.  These results suggest that the amount of ocean water altered by single icebergs can reach 1.5 x 1013 m3 over 23 days.  Chemical and biological effects were detected at the same space and time scales as the physical properties, with decreasing partial pressure of carbon dioxide (pCO2) close to the iceberg and lower particle and chlorophyll concentration. 

Iceberg sidewall melting through double-diffusive processes and basal melting by turbulent upwelling processes contributed comparable amounts of meltwater to the upper water column (~10-20 cm) (Stephenson et al., submitted). Turbulent mixing resulted in an upwelled mixture of basal meltwater and ambient fluid from below the permanent thermocline that manifest as warm, salty anomalies at the base of the seasonal thermocline. Upwelling of basal meltwater mixtures appears localized and intermittent. In contrast, thermohaline staircases, consistent with sidewall melting, were evident in the seasonal thermocline even far from the iceberg (Stephenson et al., submitted). The highly variable nature of upwelling of basal meltwater mixtures may contribute to the observed patchiness in micronutrient supply (Lin and Twining, submitted) and phytoplankton (Vernet et al., submitted) and zooplankton (Kaufmann and Vernet, submitted) communities associated with icebergs. Whereas horizontal spreading of meltwater and associated nutrients by double-diffusive circulation cells provides a means by which the seasonal thermocline can be enriched in nutrients from ice melt over a much larger area than turbulent upwelling. 

A combination of ship-board iceberg surveys and Radarsat1 image analysis in the Weddell Sea from 1996-2007 show expected seasonal changes in abundance and mass of icebergs, as well as a suggested correlation with annual climate variability of the Southern Hemispheric Annular Mode. Abundance of icebergs appears to be governed, in part, by continental-scale shelf break-up processes that are modulated by climate conditions and iceberg-scale ablation processes that result in a negative log-linear relationship between  abundance and size-class (Helly et al., submitted). 

Terrestrial material input from icebergs (Shaw,Twining): Enrichment of 224Ra of terrestrial origin in proximity to icebergs ranged from a minimum of 0.2-2 mg of material per g of ice, equivalent to 10-100 µg of Fe per g of ice (Shaw et al., submitted).  Direct measurements of Fe(II) indicated sharp gradients originating at the face of icebergs, demonstrating that some fraction of this material is immediately available as bioavailable iron. Estimates of input of Fe(II) based on gradients and mixing coefficients further suggest that as much as 1% of the ice-borne iron is available as soluble Fe(II).  In addition to Fe(II), concentrations of total dissolved Fe (dFe), total particulate Fe (pFe), and organic Fe-binding ligands were all found to be elevated in close proximity ( <1 km) to icebergs.  Lateral gradients varied, with Fe(II) and pFe both enriched up to 10-fold near icebergs, while dFe and ligands showed more subtle 30-60% enrichments.  Dissolved Fe(III) concentrations were likely limited by solubility and the availability of ligands to stabilize the metal in the dissolved form, while ligand abundance was likely dependent upon biological and grazing activity.  Vertical gradients also implicated icebergs as a source of Fe.  Dissolved Fe concentrations were typically highest in the low-salinity surface mixed layer, while Fe(II) and pFe concentrations at the iceberg face were both elevated beneath the surface waters, suggesting a subsurface source of Fe in the icebergs. (Lin and Twining, submitted). 

Microbial communities (Murray-Vernet): Phytoplankton biomass increased by 11% at 2 km away from icebergs. Similarly, phytoplankton productivity per unit biomass significantly increased within 2 km of the iceberg suggesting increased productivity maintains the enhanced zooplankton community which rapidly crop the phytoplankton. The phytoplankton community is enriched with diatoms close to the iceberg and impoverished in phototrophic flagellates, supporting the hypothesis that vertical meltwater movement close to the iceberg facilitates diatom growth (Vernet et al., submitted). These diatoms are hypothesized to provide the preferred food to the Antarctic krill, Euphausia superba. Dominant diatom species in the plankton are found in abundance within the Lagrangian sediment traps (LST; Smith et al., submitted) and Powell Basin sediments (Buffen et al. 2007). 

Though there was little overall effect of icebergs and surrounding waters on prokaryote abundance or activity, cell numbers were a factor of ~ 2 higher, and activities were nearly an order of a magnitude higher in fall compared to winter. Bacterioplankton community structure was significantly influenced by larger icebergs and mixing (Murray et al., submitted), which follows other physical and chemical observations (Stephenson et al., submitted). Preliminary studies of meso and bathypelagic prokaryotes and associated activities revealed significant particle-associated activities in LST-derived samples and evidence for accumulations of organic matter (Smith et al., submitted; Murray et al., submitted).
Zooplankton communities (Kaufmann, Robison):

Particulate organic carbon export fluxes (Smith, Sherman): Phytoplankton abundance, microbial abundance and biomass were significantly higher in Lagrangian sediment traps at 500 m depth than in the surrounding water. Mean mass flux and organic carbon flux associated with icebergs were twice as high than at a control site 74 km away. Icebergs serve as areas of local enrichment and particulate carbon export (Smith et al., submitted). 
Publications: 1) Smith, K., Robison, B.H., Helly, J.J., Kaufmann, R.S., Ruhl, H.A., Shaw, T.J., Twining, B.S., Vernet, M., 2007.  Free-drifting icebergs: Hot spots of chemical and biological enrichment in the Weddell Sea.  Science 317, 478-482. 2) Helly, J., Kaufmann,R.S.,Vernet,M, Stephenson, G.R. Spatial Cyberinfrastructure in Oceanography: Multi-source characterization of the meltwater field from icebergs in the Weddell Sea, Proc. Nat. Acad. Sci.(in revision)

In addition, a special volume of Deep-Sea Research Part II titled “ Free-drifting icebergs in the Southern Ocean” is submitted with the following 23 manuscripts: 1) Stuart, K.M., Long, D.G. Tracking large tabular icebergs using SeaWinds scatterometer. 2) Kimball, P., Rock, S. Sonar-based iceberg-relative AUV navigation. 3) Hobosn, B.W., Sherman, A.D., McGill, P.R. Imaging and sampling beneath free-drifting icebergs with a remote operated vehicle (ROV). 4) McGill, P.R., Etchemendy, S. and Reisenbichler, K. Aerial surveys and tagging of free-drfiting icebergs using an unmanned aerial vehicle (UAV). 5) Sherman, A.D., Hobson, B.W., McGill, P.R., Davis, R. McClune, Smith, K.L.Jr. Lagrangian sediment traps for sampling at discrete depths beneath free-drifting icebergs. 6) Helly, , J., Ruhl, H.A., Smith, K.L., Jr., Long, D. Southern hemispheric annular mode links to free-drifting iceberg abundance and mass in the Weddell Sea. 7) Helly, J., Kaufmann, R.S., Stephenson, G, Vernet, M. Cooling, dilution and mixing of ocean water by free-drifting icebergs in the Weddell Sea. 8) Stephenson, G.R., Sprintall, J., Gille, S.T., Vernet, M., Helly, J., Kaufmann, R.S. Subsurface melting of a free-floating Antarctic iceberg. 9) Shaw, T.J., Raiswell, R.W., Vu, H.P. Composition and mineralogy of ice-rafted detritus collected from free-drifting icebergs in the Weddell Sea.10) Shaw, T.J., Hexel, C.R. Sherman, A.D., Smith, K.L., Jr., Kindelberger, S. 234 Th inventories in the Weddell Sea: implications for particle cycling in proximity to free-drifting icebergs. 11) Shaw, T.J., Hexel, C.R., Kindelberger, S. Proxy signatures of terrigenous input from free-drifting icebergs in the Weddell Sea.12) Raiswell, R. Iceberg-hosted nanoparticulate Fe in the Southern Ocean: mineralogy, origin, dissolution kinetics and source of bioavailable Fe. 13) Lin, H., Rauschenberg, S., Hexel, C.R., Shaw, T.J., Twining, B.S. Free-drifting icebergs as sources of iron to the Weddell Sea. 14) Murray, A.E., Vernet, M., Peng, V., Twining, B. Response of Weddell Sea phytoplankton and bacterioplankton to Fe and carbon additions. 15) Murray, A.E., Peng, V., Wagh, P. Impact of free-drifting icebergs on marine bacterioplankton activity and communitiy structure. 16) Vernet, M., Sines,K., Chakos, D., Cefarelli, A.O., Ekern, L, Impacts on phytoplankton dynamics by free-drifting icebergs in the NW Weddell Sea, 17) Cefarelli, A., Vernet, M., Ferrario, M.E., Phytoplankton diversity and abundance in relation to free-floating Antarctic icebergs. 18) Robison, B.R., Vernet, M., Smith, K.L., Jr. Algal communities attached to free-drifting icebergs Antarctic icebergs. 19) Robison, B.R., Reisenbichler, K., Sherlock, R., Bush, S., Osborn, K. Boundary-layer zooplankton around free-drifting Antarctic icebergs. 20) Kaufmann, R.S., Robison, B.R., Reisenbichler, K., Sherlock, R., Osborn, K. Composition and structure of macrozooplankton and micronekton communities in the vicinity of free-drifting Antarctic icebergs. 21) Lowery, M.S., Garcia, Kaufmann, R.S. Energetics of Antarctic krill (Euphausia superba) in the vicinity of free-drifting icebergs. 22) Smith, K.L., A.D. Sherman, T. Shaw, A. Murray, M. Vernet and A.O. Cefarelli Carbon export associated with free-drifting icebergs in the Southern Ocean. 23) Ruhl, H.A., Ellena, J.A., Wilson, R.C., Helly, J. Seabird aggregation around free-drifting icebergs.
Prior NSF support for individual P.I.s

K.L. Smith, Jr.

ANT – 0529815 and ANT-0650034 – “Free-drifting icebergs: Influence of floating islands on pelagic ecosystems in the Weddell Sea” – (9/15/2005 – 2/29/ 2008):  $199,487

Smith, Jr., K.L., B.H. Robison, J.J. Helly, R.S. Kaufmann, H.A. Ruhl, T.J. Shaw, B.S. Twining and M. Vernet (2007) Free-drifting icebergs: Hot spots of chemical and biological enrichment in the Weddell Sea. Science 317: 478-482.

A.D. Sherman – no NSF support in past five years

J. Helly

ANT – 0529815  “Free-drifting icebergs: Influence of floating islands on pelagic ecosystems in the Weddell Sea” – (9/15/2005–2/29/ 2008), (9/1/2007-8/31/2010):  $199,487, $158,911

Smith, Jr., K.L., B.H. Robison, J.J. Helly, R.S. Kaufmann, H.A. Ruhl, T.J. Shaw, B.S. Twining and M. Vernet (2007) Free-drifting icebergs: Hot spots of chemical and biological enrichment in the Weddell Sea. Science 317: 478-482

D. Long

NSF OPP-9711001 ($49,702) Validation of NSCAT Remotely Sensed Sea Ice Conditions as a Predictor of Environmental Conditions, 1997-98. Resulting publications: 1) Hardin, P.J., K.D. Hansen, N.A. Currit, and D.G. Long, (1999). “Monitoring Bering Sea Ice Change Using Reconstructed NSCAT Imagery.” in Earth Observing Systems IV, William L. Barnes, Editor, Proc.  SPIE Vol. 3750, pp. 536-54. 2) Hardin, P.J., T. Wyllie-Echerverria, S. Wyllie-Echerverria, N. Curritt, D.G. Long, and R. Stehn, (1998). “First Steps to Yukon Delta Biophysical Modeling: Monitoring Sea Ice Change Using Reconstructed NSCAT Data.” Proc. Fifth Intern. Conf. on Remote Sensing for Marine and Coastal Environments, pp. II-206-II-213.

J. Sprintall

OPP-0337998, The Drake Passage High Density XBT/XCTD Program, $573,968, 07/01/04 – 06/30/10. This award supports the collection of 6-8 transects of upper-ocean XBT temperature and XCTD salinity data in the Drake Passage. The scientific output of the program is considerable, providing data for two completed PhD theses with a third underway, and >12 related publications by the PI, her postdocs and students (see Sprintall CV), and additional publications by a number of other investigators.

R.S. Kaufmann:

No NSF support in last five years.
NEED  input from Maria, Alison, Tim, Ben and Billy. here
C. OBJECTIVES


We propose to focus the scope of our studies on critical questions concerning the importance of icebergs on natural fertilization of the pelagic community and the ultimate export, carbon degradation and sequestration of organic carbon in the deep-sea. The main questions to be addressed are:

1. What are the physical dynamics of free-drifting icebergs with respect to size, shape, abundance, spatial distribution and movement and on what time scales do these dynamics operate?

2. What is the role of icebergs in the cooling, dilution and stirring of the mixed layer?

3. What are the relative roles of turbulent upwelling of basal meltwater and side-wall melting by double-diffusive mechanisms in exporting nutrients and impacting the abundance and distribution of pelagic communities associated with free-drifting icebergs?

4. What are the interactions between iceberg-scale, basin-scale (Weddell), and continental-scale processes forcing iceberg production and transport?

4. What is the integrated release of ice-borne terrestrial material and contained Fe and other micronutrients to the region determined from 224Ra and 228Ra inventories, and what is the export of material to the Antarctic Circumpolar Current? 

5. What is the relationship between Fe inputs to Antarctic waters surrounding free-drifting icebergs and organic carbon production and export?  How does the efficiency of C export compare to that observed at other natural Fe-enrichment sites?

6. What is the importance of free-drifting iceberg-associated phytoplankton on CO2 drawdown and trophic links to micro- and macrozooplankton grazers and heterotrophic bacterioplankton?

7. How do icebergs and associated processes in surrounding waters influence the functioning of the microbial loop and the ability to remineralize organic carbon in both the free-living and particle-associated fractions?

8. What is the trophic connection between micro-, meso- and macrozooplankton and micronekton grazing and export of organic carbon associated with free-drifting icebergs?

9. What is the sinking flux of organic carbon associated with free-drifting icebergs and final export to the deep ocean?

10. What is the scavenging efficiency of terrestrial and biogenic material associated with free-drifting icebergs and the export of nutrients and organic carbon using radionuclide tracers (228Th, 234Th, 230Th, 231Pa)?

To address these questions, we have created a consortium of 11 PIs from 8 institutions.  This interdisciplinary program is divided into six complementary projects, each with a particular focus that is defined by the recognized expertise of the investigators. K.L. Smith (MBARI) will be responsible for coordinating the entire program.  

· Iceberg dynamics: J.Helly (UCSD), D. Long (BYU).

· Physical characteristics and mechanisms of meltwater distribution: J. Sprintall (SIO) 

· Radionuclide-based input functions for ice-borne terrestrial material: T. Shaw, W. Moore (USC).

· Fe and trace metal concentrations and fate: B. Twining (Bigelow).

· Phytoplankton, prokaryotes and heterotrophic protist dynamics and associated processes: M. Vernet (SIO/UCSD). A. Murray (DRI).

· Trophodynamics of protists, zooplankton/micronekton communities: R. Kaufmann (USD). A. Murray (DRI). M. Vernet (SIO)

· Particulate organic carbon export fluxes: K. Smith (MBARI), A. Sherman (MBARI), T. Shaw (USC).

· Trace element and radionuclide flux and terrestrial material provenance: T. Shaw, W. Moore (USC), B Twining (Bigelow).

Based on our preliminary results from five free-drifting icebergs and their impact on pelagic systems, we propose the following scenario.  As drifting islands, icebergs of small to large size (100 m to 40 km in largest dimension) will impart unique physical, chemical and biological characteristics to the surrounding water.  The dimensions of this "iceberg sphere of influence", including both aerial and submerged realms, will be related to the size and physical configuration of the iceberg.  The tropho-dynamics of the associated communities will generate an export of particulate organic carbon to the deep ocean and ultimately to the sea floor.

A key goal of our proposed study is to use remote sensing technologies combined with oceanographic sampling to determine the iceberg sphere of influence for a diverse set of physical, chemical and biological factors as a function of iceberg size and characteristics. Each detectable free-drifting iceberg in the Weddell Sea, as determined either from satellite or ship-based imaging, then will be assigned a size-based sphere of influence. We will use regression methods in an effort to establish a relationship between individually measured icebergs and the larger population of icebergs surveyed by synoptic, satellite-based methods and shipboard radar transects. 

The combined impact of the population of free-drifting icebergs on carbon production and export can be extrapolated to the regional scale of the NW Weddell Sea and specifically “Iceberg Alley”(Fig. 1).  Estimates of carbon export from “Iceberg Alley” will then be compared to measured fluxes of particulate matter from long-term moored sediment trap collections across the NW Weddell Sea.

Efforts to extrapolate the impacts of icebergs to HNLC Antarctic waters will also hinge on the relationship between Fe inputs and C export.  Recent studies at the Crozet and Kerguelen plateaus—both sites of natural Fe fertilization—documented significantly higher C export efficiencies (relative to Fe inputs) than observed in human mesoscale Fe fertilization experiments such as SOIREE and SOFeX).  The relationship between Fe inputs and C export will depend upon physical, chemical, biological and ecological factors, including the trophic relationships of the plankton and grazing community.  The mechanism of Fe inputs from icebergs, as well as the biological community present to process and respond to the inputs, are unique.  Dedicated studies are needed to describe and quantify these relationships.

  1. Sampling Design

 
Individual icebergs: The principal objective of our study is to measure the sphere of influence (as physical, chemical and biological processes) and carbon export associated with both small and large icebergs.  The sampling design, effectively employed in our earlier studies, will have two parts, the near-field and the far-field.  Operationally, we define the near-field as the iceberg surface, surrounding water and "entrained" ice fragments < 2 km from the iceberg edge. The far-field is at least 20 km from the iceberg edge.  This designation is based on recent surface mapping results from iceberg C18A and may be modified based on future observations.  Each iceberg chosen for study will be surveyed via circumnavigation to obtain a perimeter via the shiptrack and the elevation with a laser ranger and inclinometer as we have done previously to obtain aerial volume and mass.  Satellite data from multiple sources with be used to provide iceberg-scale and synoptic basin-scale coverage of iceberg history and distribution as well as the relationship to sea-surface temperature, wind and chlorophyll-a in the surrounding water.  

The aerial and pelagic zones radiating out from the iceberg will be surveyed and sampled with ship-borne instruments in a swath-mapping configuration.  The swath track will be used for ship-borne surveys of physical properties, velocity, trace metals, radionuclides, zooplankton, micronekton and particulate carbon employing instrumentation that includes large volume pumping, acoustics, trawls, shipboard ADCP and underway near-surface flow-through from the thermosalinograph, fluorometer and transmissometer.  Swath sampling will begin in close proximity to the iceberg and extend out to the far-field where no physical, chemical and biological influence of the island can be detected.  We will consider this area of "no detectable influence" a control.  Superimposed on this swath-sampling pattern will be sampling stations, radiating from the iceberg, where rapid CTD/rosette, high volume particulate and radionuclide collections, and trace metal casts will be made to beyond the full depth of the iceberg.  We will attempt to make each set of measurements during the same day/night-time periods (e.g. centered around 0000 and 1200h) for each iceberg, recognizing the effect of diel variation on many parameters. Lagrangian sediment traps will be deployed in the near and far field to collect sinking particulate matter at 600 m depth to estimate export flux. Depending on the size of the icebergs chosen for study, we estimate from our preliminary study that each iceberg and its sphere of influence can be surveyed in < 10 days.  This would permit surveys of 3 icebergs per cruise, based on 30 days on station (see Schedule below). Conductivity, temperature and depth (via CTD, UCTD, XCTD, XBT) profiling combined with sampling of water will be conducted for physical, chemical and biological analysis and to measure and visualize the three-dimensional meltwater-field and density structure of the water around each iceberg. On a regional, basin-scale, radiochemical tracers that reflect ice-derived chemical signals will be used to determine integrated ice melt inputs on time-scales of 1 to 10 yrs. 

 Iceberg alley: A series of three sediment trap moorings will be placed across iceberg alley (see Fig. 1b) to cover the area of highest iceberg transits based on trajectories provided by Stuart and Long (submitted; Fig. 1a). Moored sediment traps will be placed at 600 m depth and 100 m above the bottom to make long time-series collection of sinking particulate matter associated with iceberg alley and a “control” station to the east. Each mooring will also have an upward-looking ADCP and Ice Profiling Sonar (IPS) at ~500 m depth to determine the ice and/or water column velocity and ice draft, respectively. Discrete temperature-conductivity sensors along the mooring chain permit detection of episodic direct drawdown of basal melting associated with an iceberg.


The principal goal of our study is to estimate the impact of free drifting icebergs on carbon export and chemical inventories as a function of their size for comparison with more regional estimates of particulate fluxes from moored sediment traps. Icebergs representing a range of sizes will be selected at sea and their origin and historical trajectories estimated from archived satellite images. We propose a field program with three annual cruises to the NW Weddell Sea in austral summer beginning in Year 1 (see Schedule below). We will select icebergs that are free of the pack ice, not grounded at the time of our study, and stable (considering the potential degree of fragmentation from visually detectable crevasses). 

2. Area of Investigation

The Weddell Sea currently contains the largest population of free-drifting icebergs originating from all regions around Antarctica (Long et al., 2002; Stuart and Long, submitted)) and is therefore the logical region in which to base our study. The majority of icebergs drift counterclockwise around the continent with the Antarctic Coastal Current, accumulating in the Weddell Sea (Fig. 1a). The Weddell Sea is bounded on the west by the tip of the Antarctic Peninsula as it projects northeasterly toward the South Orkney Islands (Fig. 1). The highest concentration of icebergs in the Weddell Sea follow a clockwise, northerly route between 20( and 50(W along “Iceberg Alley” (Ballantyne, 2002; Schodlok et al., 2006; Stuart and Long, submitted) that parallels the northeasterly tending topography of the Antarctic Peninsula. These icebergs either pass northward through the Powell Basin and into the Scotia Sea or drift eastward along the South Orkney Platform before heading northeast into the Antarctic Circumpolar Current.

We propose to study free-drifting icebergs in the NW Weddell Sea between 61o to 63oS latitude and 40o to 55oW longitude, and the long-term sedimentation of particulate matter at three mooring  stations across the track of “ Iceberg Alley” into the central Weddell Sea (Fig. 1).   These areas of the Weddell Sea historically have been covered with pack ice 6 to 9 months annually (Parkinson, 1992), with maximum extent in September and minimum extent in February and March (Zwally et al., 1983), the time of the proposed cruises.  Seasonal pack ice in the region ranges in thickness from < 1 m to > 5m (Wadhams et al., 1987; Eicken and Lange, 1989; Lange and Eicken, 1991).  Surface currents in the western Weddell Sea flow clockwise with average speeds of 5 to 8 cm s-1 (Foster, 1984; Gordon, 1988; Muench et al., 1992).  The proposed study areas are located south of the Weddell-Scotia Confluence, an area of intense mesoscale mixing driven partially by topographic highs associated with the South Scotia Ridge (Deacon and Foster, 1977; Gordon, 1988). The three mooring sites will be situated at abyssal depths from the center of Iceberg Alley to a control site to the east with minimal iceberg tracks (Fig. 1a). The positions of these moorings have been chosen at similar abyssal depths and latitudes and are projected to have similar seasonal ice cover.

  3. Individual Project Objectives

A brief synopsis of individual projects is presented below.  A full description of each component follows this Overview Section. 

a. Iceberg dynamics and meltwater field structure [J. Helly, D. Long, w/collaborator Andrew Dickson (SIO)] Information about abundance and size of free-drifting icebergs is critical to estimates of their importance to natural enrichment and ultimate carbon export. The objectives of this work are to 1) continue to measure the three-dimensional aerial shape and derive from this the total mass of a representative sample (total nine; three per cruise) of individual free-drifting icebergs in the Weddell Sea such that their physical features may be correlated with the characteristics of their associated ecosystems and with basin-scale measurements obtained by radar and ocean color satellites; 2) track up to 60 icebergs by satellite, including the measured subset of 9, over the period of the project to determine their movement and to estimate changes in their size from ablation; and 3) extrapolate measurements of nine icebergs to the population of similar sized icebergs in the Weddell Sea. We will continue to use the measured mass of individual icebergs to calibrate the mass of the basin-scale iceberg population estimated from radar satellite imagery (ALOS/PALSAR).  We also propose to 4) to extend our surface-mapping approach with XBTs, UCTD, XCTDs and deep and shallow ADCP data to more completely characterize the meltwater density field around icebergs from the surface to the bottom of the Circumpolar Deep Water (~1500 m).  This will allow us to clearly define the distribution of the meltwater field and the nature and extent of mechanical stirring and meltwater advection.  This is a key to understanding the extent and significance of iceberg influence at the basin-scale.  Lastly, we propose 5) to collect water samples for post-cruise analysis for pCO2 by Andrew Dixon’s lab.  These will be samples from the hydrocast rosette that will address the question of pCO2 depletion in the near-field of the iceberg C18A on the NBP0902 cruise (Helly et al, submitted).  By developing a three-dimensional picture of pCO2 distribution we will be able to correlate this with the mixing and advection processes from 4) to discriminate the biological depletion of pCO2 versus the advection of low-pCO2 water from the subsurface either as meltwater or ambient seawater.

b. Physical characteristics and mechanisms of meltwater distribution (J. Sprintall): The focus of this component is to examine the physical characteristics and mechanisms responsible for the distribution of iceberg meltwater, and determine their respective importance to the dispersal of iron, nutrients and biological communities in the water column. A variety of mechanisms, both turbulent and diffusive, are responsible for the distribution of ice melting below the surface. Each mechanism produces distinctly different physical characteristics in the water properties distributed throughout the water column that have been shown to vary in horizontal and vertical extent dependent on size and proximity to the iceberg (Stephenson et al., submitted). Our ultimate goal is to determine how the importance of each physical mechanism may scale with size of the iceberg and also impact the bio-chemical environment relative to the iceberg sphere of influence. Specifically our objectives are to (1) identify the key physical properties of basal and side-wall meltwater and how these properties vary with respect to the background flow and water mass characteristics; (2) examine the patterns of meltwater distribution associated with turbulent and diffusive processes and determine their relative importance with depth, distance, and orientation with respect to the iceberg; and (3) determine the impact of each process in relation to the abundance and distribution of pelagic communities and total nutrient export. These objectives will be addressed through a shipboard CTD survey concurrent with measurements of nutrients and biological surveys. A further objective is to (4) examine longer-term variability of the currents and properties directly beneath icebergs and determine how the water column changes with respect to iceberg size, draft, orientation and motion. To achieve this objective we aim to deploy an ADCP, IPS and thermister-conductivity sensors on the sediment trap moorings. 
 :

c. Radionuclide and trace metal distributions and fate  (T. Shaw, W. Moore, B. Twining): We hypothesize that icebergs act as a significant source of Fe and other micronutrients and macronutrients (N, P, Si) to the surface waters of the Southern Ocean, resulting in higher phytoplankton biomass and carbon fixation. Further we hypothesize that the magnitude of that source can be determined on a regional scale using radiochemical tracers with lifetimes on the scale of the processes (e.g. 228Ra 5.75yr half-life).


We will continue to use the inventory of the short-lived 224Ra isotopes as a tracer of the input of terrestrially-derived material proximal to icebergs. We will scale the magnitude of this input to the region using the longer lived tracer 228Ra. The portion of the 228Ra inventory derived from iceberg bourn terrestrial material will be used to calculate the regional input of material (as the material flux necessary to maintain the inventory). The flux will be scaled to other measurements in the study (i.e. iceberg inventory, Fe inventory, and carbon export) to form a predictive model of the chemical contribution associated with iceberg populations.

Enrichments of the short-lived Ra isotopes (primarily excess 224Ra) will be reconciled with salinity anomalies to evaluate the magnitude of terrigenous inputs. Composition of the material (particularly with respect to Fe) will be determined by collection of both particulate and dissolved samples.  

We will measure the elemental composition of particles collected from ice, sediment traps and in the water column to determine the input, export and provenance of trace metals associated with icebergs in the region.  This data will enable construction of a mass budget to be used in conjunction with radiotracer inventories to estimate long-term material fluxes associated with ice berg transit.. To support this last goal, we will evaluate the trace element composition (i.e. Rare Earth Elements and micronutrient metals) of the terrigenous material to characterize the material sources (provenance) and to develop a mass balance of iceberg sourced Fe in terms of import and export fluxes.  

The bioavailability and biological fate of released Fe will be assessed with direct measurements of several forms of dissolved and particulate Fe.  In addition to total dissolved Fe (dFe), Fe(II) and Fe bound to organic ligands, Fe quotas (Fe:C and Fe:P ratios) will be measured in native phytoplankton, zooplankton and fecal pellets in order to address three fundamental questions: 1) To what extent and by what mechanisms do icebergs supply iron to surrounding waters? 2) Is the iron released from icebergs bioavailable to the ambient plankton community? 3) How much of the released Fe is accumulated into plankton biomass and exported via sinking biomass and fecal pellets?   4) What fraction of iceberg source Fe is immediately exported and how much remains in the upper water column. We will also evaluate the trace element composition (i.e. Rare Earth Elements and micronutrient metals) of the terrigenous material collected directly from the icebergs to characterize the provenance.
d. Organic carbon production and sedimentation mediated by microbial communities:  (M. Vernet, A. Murray): We hypothesize that (i) large cells and diatoms are able to maintain high productivity in response to the nutrient regime and meltwater upwelling imposed by icebergs which results in enhanced export production in these regions and (ii) this productivity is tightly coupled with heterotrophic bacterial activity in the iceberg-associated regions, which translates into increased remineralization rates in the iceberg-associated epi, meso, and bathypelagic waters.  The primary objective is to assess and integrate microbial biomass, diversity and activities in the iceberg zone of influence (IZI) in comparison to unaffected, control areas.  The second objective will be to determine the linkages between primary production, grazing and heterotrophic production in the IZI and control areas, and how the activities are related to community structure, trophic dynamics and sedimentation rates. Thirdly, we will model the trophodynamics of the different components of the microbial loop and upper trophic levels in the zooplankton predators in areas within the iceberg ecosystem and control areas (let’s plan what we need for this objective).

e. Organic carbon dynamics mediated by zooplankton/micronekton communities:  (R. Kaufmann):  Results from iceberg studies to date offer strong evidence that icebergs can be sites of increased biomass of Antarctic krill, salps and other zooplankton, compared to adjacent, iceberg-free waters. We hypothesize that zooplankton and micronekton associated with icebergs contribute significantly to the dynamics of organic carbon within the icebergs' spheres of influence. We will investigate the role of the zooplankton/micronekton community in processing and exporting particulate organic carbon (POC).  Trawls will be used to collect meso- and macrozooplankton and micronekton to characterize the biomass and composition of these assemblages in relation to distance from each iceberg.  Individuals representing the dominant zooplankton and micronekton species will be collected separately to evaluate their gut contents and trophic status and measure stable C and N isotopes and fatty acid composition to examine diet composition.  The role of these animals in the processing and exporting of POC will be evaluated from models of grazing and measurements of gut pigments and fecal pellet production for the dominant species and trophodynamics for the community as a whole.  The relative abundance and distribution of acoustic scatterers in relation to icebergs will be evaluated on annual cruises by analyzing mean volume backscatter in the upper portion of the water column using hull-mounted ADCP and Simrad systems and between cruises from records collected by ADCPs on three moorings 

f.  Particulate organic carbon export fluxes - Short and long-term measurements: (K. Smith, A. Sherman, T. Shaw, W. Moore): Short-term export flux of organic carbon at ~ 600 m depth will be measured in the vicinity of individual free-drifting icebergs of different sizes with autonomous neutrally-buoyant sediment traps and natural radionuclide distributions. We will test the following hypotheses. The sinking flux of POC, PON, structural composition, and export of 234Th and 228Th (as proxies of POC) from ~600 m depth under and adjacent to a free-drifting iceberg (near-field): 1) Is not significantly different (p > 0.05) from the sinking flux of POC, PON, 234Th, and 228Th (estimated based on the activity of the parent 228Ra) in open water (far-field; ~ 70 km away). 2) Is not correlated with the physical structure (size, origin) of the iceberg.  

Long-term export flux from icebergs to the deep ocean and seafloor will be measured beneath “Iceberg Alley” using moored sediment traps for concurrent comparison with short-term export fluxes identified from individual icebergs using autonomous neutrally-buoyant sediment traps and extrapolated to satellite-derived iceberg populations in the region. We will test the following hypotheses: The sinking flux of POC, PON, structural composition, and export of 234Th and (as a proxies of POC) at 600 m depth and 600 m above bottom across a transect of three sites including “Iceberg Alley”: 1) Is not significantly different (p > 0.05) from the sinking flux of POC, PON, 234Th, and228Th estimated for satellite-derived populations of free-drifting icebergs in the region. 2) Is not significantly different (p > 0.05) between sites at the same depths over a two-year sampling period. Trapping efficiency will be evaluated with radiotracers 230Th and 231Pa. 

g. Enrichment, carbon production and particulate export synthesis: (All P.I.s): We hypothesize that enhanced community production associated with free-drifting icebergs will lead to increased POC export flux scaling according to the size of these icebergs.  We will integrate the results from each research component to formulate a spatially explicit representation of each iceberg, incorporating the physical, chemical and biological characteristics.  This iceberg data collection and visualization system will enable all collaborators to make joint use of data.  A multi-dimensional model ultimately will evolve for each iceberg using a GIS format with the reconstructed topography of each iceberg serving as the baseline in 3-dimensional space.  The questions we propose to address in this analysis are: 1) Does the sphere of influence of integrated Fe concentration, carbon production and particulate export flux associated with icebergs correlate with their size (mass, draft, displacement volume, aerial surface area, submerged surface area)? 2) Does the population of free-drifting icebergs, distinguishable from satellite imagery and shipboard transects, create a substantial impact on carbon production, terrestrial material inputs, and particulate export flux in the Weddell Sea during the time period covered by our field program? 3) How does the export flux estimated from short-term measurements compare to the long-term export flux measurements from the moored sediment traps? 4) What predictions can be made as to the influence of free-drifting icebergs on CO2 sequestration in the Southern Ocean? 

D. Overview of Proposed Research

We propose to conduct an interdisciplinary study of free-drifting icebergs using advanced technology including satellite and laser imaging, combined with state-of-the-art oceanographic measurements and sampling.  Imaging individual icebergs and defining their pelagic sphere of influence will be put into broader regional and temporal context for extrapolation to entire iceberg populations using satellite imaging.  The PIs in this program are recognized experts in their fields and are experienced in pelagic studies in many areas of the World Ocean, including the Antarctic.  There will be two principal components of the field program: 1) the imaging of iceberg size and the near synoptic sampling and measurements to determine their sphere of influence as defined by qualitative and quantitative changes in physical, chemical and biological factors. 2) Long term measurements of export flux to the deep ocean associated with icebergs transiting iceberg alley.

1. Methodology (see Component Sections below for project-specific methodology)

a. Iceberg mass estimation from ship-based laser ranging and perimeter determination via circumnavigation: Aerial measurement of the iceberg will be determined using a laser-ranging device combined with continuously derived ship-track data from onboard GPS receivers. These data will be used to calculate aerial iceberg volume and derive total mass.  The mass values will be used to estimate the standing mass of icebergs during each cruise from radar satellite imagery (PALSAR) provided by the Alaska Satellite Facility.  

b. Meltwater-field and mixing determination via swath-mapping and vertical profiling: Two- and three-dimensional data will be collected for physical and biological properties of the surface and sub-surface through a range of methods.  These include vertical profiling via CTD hydrocasts with and without water bottle rosette (for discrete water samples), expendable bathythermograph (XBT), expendable CTD (XCTD), underway CTD (UCTD) and surface mapping via swath sampling with the on-board flow-through systems: thermo-salinograph, pCO2, fluorescence (for chlorophyll-a).  Post-cruise analysis of water samples for salinity, alkalinity and total carbon will be performed by Andrew Dickson’s laboratory at SIO. Samples for this analysis will be collected in bottles prepared and provided by that group.  Water samples will be collected from the rosette and preserved with mercuric chloride for shipment back to the laboratory at SIO. 

c. Trace metal sampling systems: Surface samples for trace metal and natural radionuclide (224Ra, 228Ra, 234Th) analyses will be collected cleanly using a custom-built continuous flow pumping ‘fish’ comprised of a pneumatic Teflon diaphragm pump attached to ½” I.D. Teflon tubing.  Water will be pumped directly into the trace-metal van for sampling, as well as into large-volume containers for subsequent radionuclide counting.  Vertical distributions of dissolved Fe will be collected with modified Niskin-X bottles on Kevlar line, while suspended particulate material will be sampled with in situ McLane pumps modified per GEOTRACES specifications.  Samples for large volume natural radionuclide analyses (224Ra, 228Ra) will be collected by the shipboard pump system for surface samples. Vertocal profiles of dissolved radionuclides and large volume particulate collections (for TE analysis) will be collected with 4 McLane deep pump systems. Vertical profiles of 234Th will be collected with the CTD.

d.  Autonomous neutrally-buoyant sediment traps: A Lagrangian sediment trap (LST) was developed, using a SOLO float (Davis et al., 2001) as the central buoyancy control and a series of four particle interceptor collection funnels (Sherman et al., submitted). The LSTs were successfully deployed and sampled under icebergs in the NW Weddell Sea (Smith et al., submitted). A series of four of these sediment traps will be deployed in the vicinity of each iceberg and allowed to sink to approximately 600 m depth where they will drift under and adjacent to the iceberg, collecting sinking particulate matter. Each sediment trap will be equipped with an acoustic transponder, for location and release commands from the ship, and a recording CTD to monitor salinity, temperature and depth along its trajectory.

e. Physical Property and sediment trap Moorings: Sequencing sediment traps (McLane PARFLUX, 78H-21 cups; 0.5 m2 collection area) will be deployed at 600 m depth and ~ 600 m above bottom (2600 m depth) on a series of three moorings set on a transect across “Iceberg Alley” (Fig.1). Physical measurements of the water column will be obtained via an upward-looking RDI 75-kHz ADCP (velocity of the ice and water column) and ESL IPS (ice draft) will be deployed on the mooring at ~500 m depth with discrete Seabrid Microcat T-S sensors distributed along the mooring chain.

f.  Conventional oceanographic measurements/sampling:  The sampling design outlined above (Fig. 2) will be used to structure a series of shipboard sampling programs to define the sphere of influence surrounding the iceberg.  This sampling will include 1) traditional CTD/rosette casts to depths greater than the iceberg draft, 2) Niskin-X bottle and McLane pump casts for metal distributions to depths greater than the iceberg draft, 3) underway profiles of temperature and salinity from the OceanSciences Underway CTD (UCTD) system and expendable probes, and 4) towed net sampling, ranging from phytoplankton nets to opening/closing, discrete depth sampling with MOCNESS trawls (1 and 10 m2).  Shipboard laser measurements from the bridge will provide estimates of iceberg height for integration with airborne observations and imaging.  The shipboard meteorological sensors will be used continuously to record weather conditions during each iceberg survey. We will evaluate acoustic data collected by the ADCP and Simrad EK-500 systems. Vertical movements of animals will be examined from ADCP records (Tarling et al., 2001) and confirmed by samples collected with the MOCNESS.   SEQ CHAPTER \h \r 1Since we will not be able to sample every animal that might be detected acoustically, we will have to restrict our analysis of these targets to estimates of mean volume backscatter (MVBS).  MVBS will be converted to scatterer (faunal) density in the water column using community composition as determined from MOCNESS collections along with published estimates of target strength for various zooplankton and micronekton species (e.g. Foote et al., 1990; Wiebe et al., 1990; Hewitt and Demer, 2000; Warren et al., 2001).

g. Small boat sampling around small icebergs: A workboat with winch and davit to handle CTD, water sampling and towed nets will be used to more effectively to sample around smaller icebergs (< 100 m in largest dimension).

h. Satellite data: Satellite data will be obtained from a variety of sensors to spatially synoptic, high and medium resolution imagery and multi-spectral data at basin-scales of coverage.  We will use a combination of scatterometer and PALSAR, imagery to provide tracking and imaging of small to intermediate-size icebergs over the greatest area without cloud cover restrictions.  Multi-spectral data and visible imagery (AVHRR, DMSP, AVHRR, SeaWiFS and Aqua/MODIS) will be used to describe the far-field environment (sea-surface temperature, chlorophyll-a, imagery) at basin-scales subject to cloud-cover.  The microwave satellite tracking data and imaging will be available through the Microwave Earth Remote Sensing Lab operated by D. Long. PALSAR data is provided through an arrangement with NASA and NSF such that Helly is an authorized Alaska Satellite Facility and NASA/GSFC OceanColor user. The other sensor data will be provided opportunistically via data relay from Palmer Station or direct readout on the ship.

i. Regional Modeling of Iceberg Dynamics: A major goal of this research will be the production of high-resolution, three-dimensional, visual models of icebergs meltwater-fields and estimates of their control on the carbon flux at regional (i.e., basin) scales and interaction with continental-scale processes such as the Southern Annular Mode (Helly et al, submitted).  From our prior results, with a short temporal record of iceberg abundance (1996-2007) from radar satellite imagery, we discern a possible correlation between iceberg-scale, regional-scale and continental-scale processes that directly effect the carbon flux in the Weddell Sea.  The goal of this work is to constrain this set of interactions through the modeling of iceberg dynamics, circulation within and around the Weddell Sea and the production and transport of icebergs around the continent of Antarctica to the Weddell    
2. Proposed Schedule

Funding is requested for four years beginning in March 2011.  Research is centered on a field program consisting of three 30-day cruises, one in March, 2012, the second in March, 2013, and the final in March 2014.  The first year of funding will be needed to prepare all instrumentation for the first cruise, including coordination with the satellite tracking facilities at NCI.  Data analysis will begin on the first cruise and continue to the end of the program with publication of the results.  Dissemination of our data will be conducted in a timely manner as it is collected and analyzed.

  3. Information Management (Needs updating)


Information management will be implemented using the SIOExplorer technology (Helly et al., 2002) that was employed successfully on our preliminary iceberg cruise in December 2005 (http://sioexplorer.ucsd.edu).   The central theme is an Ocean Exploration Center (OEC) whose focus is to provide a comprehensive view of the oceans, intelligible to non-scientists and researchers alike, with direct access to state-of-the-art databases and selected websites.  The OEC will allow users to access content which has been classified to one of four levels: entry (grade K-6), student (grade 6-12), college, and research.  The results from our project will be incorporated into the Antarctic Research division of the OEC, providing physical, chemical and biological databases documenting the impact of free-drifting icebergs on the surrounding pelagic ecosystem.  Presentation of data will be offered appropriately for each of the four levels listed above, including photographic documentation of animals associated with the "ice islands".   A component of SIOExplorer focuses on a unique methodology for staging shipboard data from all types of sensors and survey methods into a canonical cruise data structure designed specifically for shipboard operations.  This methodology will be used to organize, publish and archive in the SIOExplorer digital library the data collected from this research. 

4. Outreach 


Graduate students, undergraduates and volunteers have and will continue to be important contributors to our field and laboratory work.  Graduate students from the University of California at San Diego and Berkeley, University of San Diego and San Diego State University have been integral to our studies in the Weddell Sea (OPP 93-15029), Port Foster, Deception Island, Antarctica (OPP-97-27077) and most recently on our studies of icebergs in the NW Weddell Sea. (ANT05-29815, Ant – 0636813, Ant-0636319, Ant-0636809, Ant-0636730, Ant-0636723, Ant-0636440, Ant-0636543).  Over the past 12 years, we also have had 26 undergraduates supported through Research Experience for Undergraduates (REU) awards from NSF to participate on cruises to the Weddell Sea and Deception Island, Antarctica. An additional 12? undergraduate students participated on the 2005 iceberg cruise.  In addition, we will continue to mentor underrepresented, undergraduate, Ph.D.-bound students participating in STARS (Summer Training Academy for Research in the Sciences).  Student experiences have included sample and data collection, laboratory analyses, data entry and interpretation, and presentations at seminars.  Many of the contributions of undergraduates were acknowledged in a recent issue of Deep-Sea Research II dedicated to studies at Deception Island, with 10 undergraduates as contributing authors on peer-reviewed papers.  One Ph.D. and four M.S. degrees have been awarded for research related to the Deception Island studies. In addition, there have been  12 graduate students and 6 undergraduate students as contributing authors to our special issue of Deep-Sea Research on icebergs that is currently in press.  

Volunteers also have provided significant contributions on our Antarctic cruises, with expertise ranging from engineering to ecology.  The graduate students, undergraduates and volunteers have both enriched and been enriched by the Antarctic experience, and we will continue to involve additional personnel in our drifting-iceberg studies.  

For the K-12 level, we propose to take an outreach coordinator, D. Nail-Meyer, to create an interactive web blog detailing the expedition, its personnel, methods, and discoveries. The coordinator will produce short video segments of the researchers at sea to give students a compelling first-person account of science in action. The website and video clips will be publicized to educators and the general public in partnership with the education and public information departments of the participating institutions. The coordinator will facilitate the information and imagery needed to support public information objectives. 

In addition, as a direct link into K-5 classrooms, the coordinator will collaborate with teachers in a Title 1, International Baccalaureate (IB) school to develop student inquiry components that can be conducted at sea during the expedition. These interactive units will enhance ocean science units in the curriculum and be shared with other IB schools as a model.

II.  Iceberg dynamics and Meltwater-Field Determination: [J. Helly, D. Long, collaborator A. Dickson (SIO)]
We can estimate the size of free-floating tabular icebergs in terms of areal extent and elevation to get volume and mass of the entire iceberg by using published estimates of the density of glacial ice and the ratio of subaerial to submerged mass distribution (Weeks and Mellor 1978).  This technique has now been successfully employed on 3 cruises (Smith et al, 2007, Helly et al, submitted).  Here we propose to continue this work with more icebergs but focusing on more clearly defining iceberg-scale processes, especially the meltwater-field, and the interaction of these processes with regional, basin-scale and continental-scale processes around Antarctica relating to iceberg production and transport.

Surface mapping (Helly et al, submitted) has provided a powerful new method to visualize and quantify the meltwater-field around an iceberg and given us important new insights into the ablation processes of individual icebergs.  Because we can now see the surface expression of cooling, dilution and mixing, using TSG, ADCP, and XBT data, we are proposing an approach that will build on these results and produce a definitive and complete three-dimensional picture of the meltwater-field produced by individual icebergs.  Then, in the same way that we use the individual iceberg mass estimates to calibrate iceberg population mass (Helly et al, submitted) from satellite imagery, we will use these new data to estimate the volume of water within the meltwater field and estimates of the regional significance of this flux into the mixed layer of the Weddell Sea.


Regional-scales in the Weddell Sea include features like the Powell Basin where we carried out our studies of iceberg C18A (Helly et al, submitted).  After that cruise, we examined the MODIS data for our time in the field and find that we appear to have been operating within a gradient of chlorophyll-a: low to the southwest of C18A and high to the northeast to the Scotia Sea.  In the Powell Basin, we were in a kind of transition-zone that was very patchy in chlorophyll-a and along a T-S gradient trending along the same axis (Helly et al, submitted).  These results are only yet a part of a manuscript in preparation but suggest that this area of the Powell Basin was potentially being preconditioned by C18A, and possibly a few others, for subsequent chlorophyll-a growth; whether by mixing, advection, fertilization or a combination of these effects.   We propose to examine this speculation by a full determination of the meltwater field spatially and temporally by repeated circumnavigation surveys to give a time-series, on the scale of days, of the meltwater-field shape and composition in physically- and biologically-important parameters (temperature, salinity, density, pCO2, chlorophyll-a).  We will also more closely examine the distribution of pCO2 vertically through the water column and compare this non-conservative tracer with the conservative salinity tracer to determine the cause of CO2 depletion that we observe in the surface mapping results in the near-field of C18A (Helly et al, submitted).


Our results from analysis of iceberg abundance via satellite imagery (Helly et al, submitted) suggest a teleconnection to the Southern Annular Mode (SAM); a zonal, El Nino-like global scale phenomenon in atmospheric pressure that is associated with alternating periods of warming and cooling in the Antarctic Peninsula.  We have detected a significant correlation in iceberg abundance and density with the SAM but with only a relatively short time-series of abundance data.  We propose to continue this analysis, developing the time-series further, and to begin the development of a numerical model to diagnose these potential interactions at the local, regional, continental and climate-scales.  

III. PHYSICAL CHARACTERISTICS AND MECHANISMS OF MELTWATER DISTRIBUTION: [J. Sprintall]


Turbulent and diffusive mechanisms that distribute iceberg meltwater below the surface produce distinctly different physical characteristics in the water properties throughout the water column. If there is little entrainment of surrounding water then side-wall meltwater rises in a relatively thin layer and spreads horizontally as a thin cool and fresh layer at the surface (e.g. Helly et al., submitted). Melting of side-wall ice in a salinity gradient through double-diffusive mechanisms leads to a series of vertically stacked circulation cells that are visible as thermohaline staircases (e.g. Huppert and Turner, 1980; Jacobs et al., 1981; Stephenson et al., submitted). Basal meltwater can entrain a large amount of ambient fluid from below the permanent thermocline through turbulent mixing (Gade, 1979; Jacobs et al., 1996; Jenkins, 1999; Wahlin et al., 2010). In the Weddell Sea, the upwelled mixture appears as warm, salty anomalies at the base of the seasonal thermocline (Stephenson et al., submitted). In this type of turbulent mixing, heat and salt have the same effective diffusivities, but if the diffusivity of heat were greater than that of salt, then basal melting would lead to a layer beneath the iceberg that is cooled but not freshened, resulting in cold, dense water sinking below the iceberg. This provides a means by which icebergs could directly transfer their influence to the deep. This mechanism may be responsible for the relatively cool water observed by Helly et al. (submitted) over depths from ~200 m to 1500 m, drastically eroding the Circumpolar Deep Water and coinciding with a period of extremely weak depth-coherent flow within the vicinity of iceberg C18A.

The meltwater from icebergs acts to redistribute heat, freshwater and nutrients, impacting both the abundance and distribution of biological communities. Stephenson et al. (submitted) showed that each meltwater mechanism varies in vertical and horizontal extent and therefore may have different implications for nutrient export and pelagic communities. Upwelling of basal meltwater results in the vertical transport of nutrient-rich water from below thermocline into the euphotic zone. The intermittency of upwelling of basal meltwater mixtures may contribute to the observed patchiness in nutrients and pelagic communities (Lin and Twining, submitted). The initial impact may be that this large amount of deeper water acts to dilute the phytoplankton community, and so this mechanism may be responsible for the delay in productivity observed in the iceberg wake (Schwartz and Schodlok, 2009). In contrast, the horizontal spread of sidewall meltwater and associated nutrients by double-diffusive convective cells provides a means by which the seasonal thermocline can be enriched by nutrients over a much larger area than turbulent upwelling without diluting the microbial and planktonic populations. Near an ice face, where ice is actively melting, advection by shear flow between the circulation cells could contribute to the formation of thin, vertically stacked layers in existing patches of plankton, and as such enhance the horizontal dispersal of the patches. This could provide a mechanism for the distribution of nutrients and pelagic communities beyond the immediate sphere of influence of the iceberg.

The primary objective of this effort is to determine how the importance of each physical mechanism may scale with size of the iceberg and impact the bio-chemical environment relative to the iceberg sphere of influence. Our experimental design is two-pronged. First are the shipboard survey measurements that will provide spatial information on the characteristics of meltwater distribution from turbulent and double-diffusive mechanisms and their relationship to the concurrent measurement of nutrients and pelagic communities. We will conduct an extensive CTD-O2 and shipboard ADCP survey (Fig. 2) to determine the mechanisms that define the meltwater characteristics and how these might change, both within the sphere of influence of the iceberg and in the far-field. The CTD-O2 profiles will be examined for evidence of basal and/or sidewall meltwater, manifested as either anomalies in T-S-O2 diagrams or thermohaline staircases in the property profiles, respectively. When nutrient and biological water samples are conducted, we will use the shipboard CTD/rosette package. At other times we will use a highly-portable UCTD system that can be deployed from an adjustable boom davit-winch mounted on a tugger stand or rail. Similar to expendable systems, a dual spooling mechanism on the probe and winch enables the probe to drop vertically to a depth of ~1200 m independent of the ship motion. However, unlike expendable probes the UCTD consists of a high-precision SeaBird CTD probe and so the data quality is far superior with no need for a drop rate equation. Shipboard ADCP provides information on how the velocity shear may vary in relation to iceberg motion and orientation. Concurrent ADCP and CTD-O2 profiles enable us to gauge the relative importance of shear to buoyancy in assessing the stability of the water column. Concurrent ADCP and MocNess zooplankton sampling will help identify the possible animals that are being detected acoustically by the ADCP to help develop proxy measurements of vertical zooplankton distribution (Tarling et al., 2001).

Our second experimental approach will be to examine longer-term variability of the currents and properties directly beneath the icebergs and how the water column changes with respect to iceberg size, draft, orientation and motion direction. Another goal is to directly observe the deep convective events that may be responsible for the drawdown of basal meltwater and the associated export flux of organic carbon to the deep ocean. To achieve these objectives, we will deploy an IPS and upward-looking LongRanger ADCP at a depth of ~500 m with a string of discrete T-S-p Seabird Microcat sensors on each sediment trap mooring (Fig. 1). Both the microcat sensors and the ADCP will sample at 2 hour intervals to resolve the tidal cycle. The ADCP has a range of ~550 m, and in “surface-tracking” mode provides information on the current strength and direction up to the near-surface or iceberg keel. The presence and size of an iceberg will be confirmed through satellite surveillance detection (Helly). The reflected signal of the ADCP from the underside of the iceberg determines the iceberg velocity. The ice draft is determined from the return travel time of an acoustic pulse from the IPS. The combined time series measurements of ADCP ice velocity and IPS ice draft make it possible to compute the horizontal distance between ice draft samples, thus providing an estimate of ice draft as a function of horizontal distance along the keel of the iceberg. This information will be useful for validation of keel geometry in the submerged ice volume calculations (Helly). In addition, the ADCP acoustic backscatter can be used as a proxy estimate of the diel vertical migration of zooplankton communities (Kaufmann), as developed during the direct shipboard ADCP-Mocness tow measurements from the cruise surveys. The string of Microcat sensors on each mooring will detect possible episodic convective events of basal melting from the iceberg. The ADCP velocity should provide some confirmation as to whether the horizontal currents are small enough to permit the direct drawdown of water from the iceberg, similar to that observed by Helly et al (submitted). Coherence of events between moorings may also be indicative of the dominance of horizontal versus vertical movement. Combined with the satellite-derived iceberg distribution, the mooring data will enable us to address the time scales and relative impacts of the temperature, salinity and velocity fluctuations and how this relates to the growth and deformation of the iceberg draft distribution, the number and size frequency of icebergs, and the integrated particulate flux measurements from the mooring sediment traps.

III. TRACE ELEMENT, NUTRIENT AND RADIONUCLIDE DISTRIBUTIONS: (T. Shaw, W. Moore, and B. Twining) **

Icebergs may enrich surrounding waters with Fe and other micronutrients by three mechanisms: a) enhanced upwelling of Fe from below the nutricline/ferricline, b) melting of glacial ice containing elevated concentrations of Fe, c) direct input and subsequent dissolution of terrigenous material associated with the iceberg.  The magnitude of each mechanism will be assessed and compared using 224Ra and 228Ra inventories as proxies for Fe input.  Upwelling of iron-rich water will be determined by combining depth profiles of 228Ra and [Fe] that span the draft of the iceberg and the depth of the ferricline with ADCP measurement of upwelling currents in close proximity to the iceberg.  The importance of iceberg melting as a source of Fe will be determined though direct measurements of Fe in samples of ice and meltwater collected cleanly from the sides of the iceberg with an ROV.  These will be combined with estimates of melting/ablation rates and dilution calculations within the near-field.  The contribution of terrigenous particulate material will be measured using both short-lived Ra isotopes (using coincident counting after Moore and Arnold, 1996; modified for open ocean samples after Shaw and Moore, 2002) and the long lived 228R isotope (measured by Gamma or Alpha counting as activities dictate). The iceberg and associated debris constitute a Lagrangian source for Fe and Ra isotopes from entrained terrigenous material. The half-lives of the short lived isotopes\ (3.6 days) insure that their unsupported inventory must derive from a local source. Similary, the inventory of 228Ra (half life 5.75 years) can be used to calculate the input necessary to maintain the regional inventory. These isotopes  will be used to estimate the local and regional input of Fe and other detrital components (e.g. Cu and Rare Earth Elements). Regional inputs of 228Ra were measured in the mid 1990’s by the Rutgers Van der Loeff group, concentrating in the Eastern Weddell sea (Rutgers Van der Loeff, 1996; Hanfland 2002). This set of background data provide a unique opportunity to determine if 228Ra to the region have changed as iceberg populations have increased. 

The Fe content of this particulate material will be determined with ICP-MS, and the potential dissolution of this material will be assessed with both shipboard and laboratory experiments to determine dissolution in the presence and absence of light (via photo-reductive dissolution) and planktonic organisms (through production of Fe-binding organic ligands by bacteria and phytoplankton). Some particulate samples from sediment traps and large volume filtrations will be analyzed for crystal structure through our collaboration with Rob Raiswell (see supporting letter) to further access the likely stability to particulate phases. 

Samples will also be collected and frozen for shore-based analyses of macronutrients (N, P, Si) by M. Vernet. Additional particulate and dissolved fraction samples will be collected for shore-based analysis of other trace elements (e.g. Rare Earth Elements as tracer of terrigenous input sources). 

Dissolved and particulate Fe pools

Iron is supplied from icebergs to ambient waters in both dissolved and particulate forms, which vary in their bioavailability and stability in the water column.  We will measure concentrations of multiple dissolved and particulate species in order to fully characterize the fate and cycling of Fe in proximity to icebergs.  Total dissolved (<0.4 µm) and suspended particulate (>0.4 µm) Fe concentrations will be measured along surface transects and in depth profiles spanning the upper 1000 m.  Total particulate Fe samples will be collected and analyzed from the Lagrangian sediment traps to constrain the sinking flux of particulate Fe.  Additionally, the Fe quotas of the dominant phytoplankton and mesozooplankton (and their fecal material) will be quantified.  These measurements will enable us to constrain the biogeochemical fate of Fe from icebergs, and to quantify the link—both mechanistically and in aggregate—between Fe and C export through biological production and scavenging.  

Dissolved samples will be passed through cleaned 0.4-µm Acropak cartridge filters, acidified and stored in LDPE bottles for several months until shore-based analysis via flow-injection chemiluminescence (Lin et al. submitted).  Particulate samples will be collected on 0.4-µm Supor membranes using McLane in situ pumps and stored frozen until acid digestion and analysis with ICP-MS (Twining et al. in press).  Reduced Fe [Fe(II)] can be an important component of dissolved Fe in the Southern Ocean, where cold temperatures and low H2O2 concentrations slow oxidation kinetics (Croot et al., 2001; 2005), and we observed up to 10-fold enrichments of Fe(II) at the face of large icebergs (Lin et al., submitted).  Fe(II) will be measured ship-board with flow injection chemiluminescence (Roy et al. 2008).  Samples will be pumped from the towfish directly into the chemiluminescence analyzer in a trace-metal clean van, reducing the potential for oxidation during sample handling.  Iron-binding ligands will also be measured in collected seawater samples, enabling calculation of Fe(III) speciation.  It has been shown that strong organic ligands (log KFe3+L ≈ 20-23) dominate the speciation of Fe(III) in many oceanic environments (Rue and Bruland, 1995; Witter and Luther, 1998), including the Southern Ocean (Nolting et al., 1998).  While the bioavailability of FeL complexes is likely to vary (Hutchins et al., 1999; Maldonado et al., 2005), Fe-binding ligands almost certainly increase the solubility of Fe(III) in oxic seawater and assist the dissolution of particulate iron material deposited by icebergs (Kraemer et al., 2005).  Filtered water samples will be immediately frozen for shore-based analysis of Fe-binding ligands with competitive ligand equilibrium cathodic stripping voltammetry (CLE-CSV) using the competing ligand TAC (Croot and Johansson, 2000).  

Iron uptake and cycling by plankton community
In order for iceberg-derived Fe to impact surface ocean biogeochemistry and carbon fixation it must be accumulated by phytoplankton.  The Fe content (normalized to P and C) of the dominant phytoplankton groups will be measured with single-cell x-ray fluorescence (Twining et al., 2004, 2008).  These measurements will be supplemented with bulk size-fractionated measurements of Fe, P and other metals in the largest Chl size fraction (>20 µm, see Vernet section below).  Previous work in the Southern Ocean has shown that phytoplankton Fe quotas rapidly increase in response to inputs of bioavailable Fe (Twining et al., 2004), and we expect the Fe content of phytoplankton to increase in proximity to icebergs.  Quotas are a valuable indicator of Fe availability, since direct measurements of dissolved Fe do not necessarily reflect Fe supply, given the rapid rate of Fe uptake by biota (Blain et al., 2008).  Further, Fe quotas of phytoplankton are critical for constraining ecosystem models of Fe biogeochemistry (Fasham et al., 2006; Mongin et al., 2008).  Phytoplankton biomass represents a direct linkage between the Fe and C cycles, and ratios of these elements in phytoplankton will determine, in part, the efficiency with which C is exported relative to Fe in Antarctic waters.  Natural Fe fertilization at the Kerguelen plateau was found to result in 10-150 times more efficient C export compared to fertilization experiments (Blain et al., 2007, 2008), and we hypothesize that iceberg fertilization will also result in enhanced export efficiency.  Mongin et al. (2008) concluded that the flexible Fe and C stoichiometry of phytoplankton in the Kerguelen plateau was a critical—but unconstrained—component influencing the relative cycling of Fe and C in these Fe-fertilized Southern Ocean waters.

As noted above, zooplankton grazing appears to be enhanced in the mature communities surrounding icebergs, and this process is likely a major route for transformations of both C and Fe prior to export.  Mesozooplankton comprise one of the largest components of the biogenic Fe pool, and grazing and associated remineralization is a dominant source of bioavailable Fe to support primary production in naturally-fertilized Southern Ocean (Sarthou et al., 2008).  The extent to which zooplankton accumulate, remineralize, and package ingested C and Fe into fecal material will also impact the connection between these two elements.  Iron contents of zooplankton grazers will be measured in individuals collected from net tows (see below) following acid digestion, as performed for the recent FeCycle II project.  Additionally, fecal pellets of krill and mesozooplankton will be collected following ship-board depuration incubations with collected animals (in collaboration with co-PI Kaufmann, see below) and analyzed for Fe, P and C content.  These will provide valuable data for assessing the role of fecal pellets in vertical export of Fe and C, particularly in comparison to Fe and C stocks collected in the LST traps.   
IV. ORGANIC CARBON DYNAMICS MEDIATED BY MICROBIAL COMMUNITIEs: (M. Vernet, A. Murray). 

During peak conditions in Antarctica, the changes in phytoplankton and bacterioplankton abundance, size, composition and activity cascade through the food web and influence grazers and carbon sedimentation out of the mixed layer (REF). Direct Fe stimulation (Pakulski et al. 1996, Arrieta et al., 2004; see Section III) or Fe combined with production of autochthonous DOC (Church et al., 2000, Hall and Safi, 2001), may also influence bacterial activity as experiments in Southern Ocean waters have shown. Unique features of the iceberg ecosystem (enhanced primary production efficiency and bacterial abundance as DOC source) may stimulate an active bacterial community. Moreover, icebergs can influence the microbial community by creating upwelling (Neshyba 1978) and increased mixing rates that favor phytoplankton known to respond favorably to turbulent conditions (i.e. diatoms; Rodriguez et al., 2001). Enhanced phytoplankton production efficiency in Antarctic waters, similar to the ones found around icebergs (see Continued Results above), are enriched in large cells (Fryxell 1989; Kang and Fryxell 1993) and are well known for their support of zooplankton populations (i.e. krill and salps associated with the ice edge; Donelly et al. 2006) and high rates of particulate organic carbon sedimentation (Fischer et al. 2002) where loss by sedimentation can consume 8-15% of daily primary production (Froneman et al. 2004).

Iron enrichment experiments have shown accumulation of diatom biomass (Boyd et al., 2000; Coale et al., 2004) but evidence of a concomitant export of the fixed carbon and its deep sea sequestration are equivocal (Boyd et al., 2004; Buesseler et al., 2004; Lam and Bishop, 2007). Upwelled iron, or natural iron fertilization experiments, has provided evidence that the increased phytoplankton biomass production is exported to depth in the Southern Ocean at significantly higher rates than adjacent areas not fertilized by iron (Pollard et al., 2009; Blain et al., 2007). Bacterioplankton abundance, activities and growth efficiencies, in addition to community structure - including that of active organisms identified using rRNA-targeted studies, were found to be affected in the Kerguelen Plateau natural iron fertilization region (Christaki et al. 2008, Obernosterer et al. 2008 and West et al. 2008, respectively).  The increased functioning of the microbial loop resulted in rapid rates of remineralization (Obernosterer et al. 2008) but was not found to be translated to the larger organisms in the classical food web (Christaki et al. 2008). It is also argued that under natural conditions, there is ample time for food chain transfer of this carbon through zooplankton grazing and fecal material export into the deep ocean (e.g. Ebersbach and Trull, 2008). We propose here that the icebergs are natural iron enrichment zones in the Southern Ocean with associated mature zooplankton communities grazing down the enhanced phytoplankton production, in particular the diatoms, such that iceberg effect is not observed by significant chlorophyll accumulation but by increased grazing and effective carbon export (see Continued Results above; Schwarz and Schodlok, 2009; Vernet et al. submitted). Likewise, we propose that bacterioplankton will benefit from iron enrichment and/or a secondary effect resulting from carbon production either through exudation, fecal matter dissolution, or sloppy feeding, but this DOC and bacterioplankton biomass will not accumulate because of rapid cycling and removal processes. Our sampling will test the hypothesis that phytoplankton distribution in waters away from iceberg influence, with high phytoplankton production and low grazing, is dominated by phytoplankton dynamics while in waters with high grazing around the iceberg, phytoplankton distribution and abundance is heavily impacted by grazing pressure (Whitehouse et al. 2009). 

 Enhanced zones of surface-associated phytoplankton production translates to carbon export from the upper water column through several processes including sedimentation.  Sinking phytoplankton particle size measured in 3-day LST deployments followed the same distribution pattern of suspended cells in the surface waters (Smith et al., subm.). Higher sedimentation of small particles (< 3(m) and lower numbers of larger cells (> 20 (m) were typical close to the iceberg while intermediate size cells (3-10 (m) were most abundant at the control site. Sedimenting diatoms from LST were identified from frustules; the same species are abundant in sediments in the region (Buffen et al., 2007). If carbon export through sedimentation is enhanced in iceberg alley and iceberg-associated regions, then it follows that both zooplankton and bacterioplankton-associated POC and DOC production and consumption processes (reviewed by Aristegui et al. 2009) will be enhanced in these regions compared to iceberg-free regions. 
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Preliminary efforts to characterize particle-associated remineralization rates from LST-derived samples indicated that activities were a factor of 8-475 times those in the free-living component of the surrounding waters. Additionally, a deep cast in iceberg alley on the southern rim of the Powell Basin revealed a deep zone of suspended particles (Fig. X), decreased transmissivity (98.3256 approximating levels seen at 100 m) and levels of leucine production at 1.93 ±1.09 pM x hr-1 (n=5) rivaling rates seen in the upper water column in iceberg alley (1.34 and 1.02 pM x hr-1 75 and 100 m respectively). In fact, we will test the hypothesis that this deep layer is a hot zone of microbial activity where particles (suggested to be hot spots of microbial activity in the deep ocean, Baltar et al. 2010) have accumulated due to iceberg-enhanced carbon export. We plan to further the understanding of meso and bathypelagic free-living and particle-associated prokaryotes and their relative importance in iceberg-associated waters, particularly in the particle-rich and active near-bottom zone of the Powell Basin further through identifying the active communities of organisms in these zones and expanding efforts to characterizing their metabolic potential.   
Proposed Research:  We hypothesize that (i) phytoplankton are able to maintain high productivity in response to the nutrient regime and meltwater upwelling imposed by icebergs which results in enhanced export production in these regions and (ii) this productivity is tightly coupled with heterotrophic bacterial activity in the iceberg-associated regions, which translates into increased remineralization rates in the iceberg-associated epi, meso, and bathypelagic waters. To test these hypotheses, we will  (1) Assess microbial biomass and associated diversity, bulk activities and activities of specific size classes or targeted groups of organisms to better identify the microbiota active in the iceberg-associated pelagic ecosystem in comparison to unaffected control areas. (2) Determine the linkages between primary production, grazing and heterotrophic production in the IZI and control areas, and how the activities are related to community structure and function, and to the sedimentation rates. And (3) model the trophodynamics of the different components of the microbial loop, classic Antarctic food web and upper trophic levels in the zooplankton predators in areas within the iceberg ecosystem and control areas.  

The following suite of measurements will be made to address the objectives listed above. Results from these measurements will be analyzed for statistical difference between iceberg and control areas (ANOVA, similarity index between stations, etc.) and will be used to parameterize models (i.e. Richardson et al. 2004). Sampling will include CTD rosette casts (8-12 depths) including casts to near-sea floor depths, and intensive surface mapping surveys (Fig. 2b). We anticipate between 100 and 200 samples per iceberg and ~ 50 samples per surface mapping event, and X samples in control regions.

Phytoplankton biomass and composition will be estimated by Chl-a (Holm-Hansen et al., 1965; Smith et al., 1981, Welschmeyer, 1994) at 7 size fractions (0.2-1.0, 1-3, 3-5, 5-10, 10-20 and >20 (m with membrane filters). Phytoplankton community composition will also be characterized by microscopy (Utermöhl, 1958) fixed in lugol and glutaraldehyde (Rousseau et al. 1990) and corrected according to (Montagnes et al., 1994, Montagnes and Franklin, 2001) for biovolumes (Hillebrand et al., 1999).  Phototrophic nano- and picoplankton, and total prokaryotes including low, high, and very high nucleic acid cells will be enumerated by flowcytometry (J.J. MacIsaac Facility for Aquatic Cytometry, Bigelow Laboratory for Ocean Sciences) in samples fixed with paraformaldehyde. Select samples, including deep and LST-collected samples will be prepared for viewing with epifluorescence microscopy using DAPI (Porter and Feig, 1980).  Heterotrophic nanoflagellates will be quantified using epifluorescence microscopy with samples filtered onto 0.8 um pore-size membrane filters. Cilliates will be enumerated following fixation in Lugol’s following methods described in Christaki et al. (2008). Free-living and particle associated (> 3.0 m fraction) prokaryotic community structure and composition will be interrogated for targeted samples collected from three zones (i) the upper water column in the wake region of two icebergs per field season, (ii) in the mesopelagic zone (600 m), and (iii) in the near-seafloor bathypelagic using 16S rRNA gene targeted tag pyrosequencing of bacteria and archaea.  Paired samples will also be collected for 16S rRNA targeted pyrosequencing – which will be performed on either amplified cDNA or on total cDNA.  Since ~ 90 -95% of total RNA is ribosomal RNA, and approximately 35-40% of this is the SSU rRNA, it is be necessary to conduct the amplification step in order to quantify relative abundance of the active portions of these communities. Preliminary research in the Murray lab is testing these approaches to identify the active community members, with minimizing bias in analysis using simulated communities, and spiked RNA into natural bacterioplankton RNA. Methods of the pyrosequencing data analysis are rapidly progressing – therefore we will employ the optimal methods available at the time this research is conducted.  At a minimum however, we will resample data sets to facilitate sample comparisons (REF), clustering and richness tools in Mothur (Schloss XXXX) will be employed, and diversity analyses can be conducted with Primer (XXXX).  

Total particulate organic carbon (POC), nitrogen (PON) and DOC will be measured for samples throughout the water column using standard techniques. The phytoplankton total fatty acids will extracted in methanol and chloroform in KOH and derivatized to fatty acid methyl esters; concentrations will be determined by gas chromatograph-flame ionization (Folch et al. 1957). Primary production will be estimated from 14-C experiments (Steeman-Nielsen 1952) in the same size fractions as chla (see above). DOC production and the rate of carbon transfer between bacteria and phytoplankton will be determined by the method of Moran et al. (1999, 2001) and Moran & Estrada (2002).  Grazing by microzooplankton will be determined with the chla dilution technique of Landry and Hassett (1987) at different size fractions (see above). Bacterial protein production will be determined with 3H-leucine incorporation method (Kirchman et al. 1986) adapted for use in microcentrifuge tubes (Smith and Azam, 1992?). ETS activity (or respiration?)…. Alison looking into this further.  Furthermore, bacterial  ectoenzyme activity will be determined to test bacterial physiology close to the iceberg using substrates to approximate aminopeptidase, chitinase and phosphatase activities following Arrita et al. (2004). Activity assays of both free-living (< 1m) and whole water (free-living + attached assemblages) bacteria will studied.

V. ORGANIC CARBON DYNAMICS MEDIATED BY ZOOPLANKTON/MICRONEKTON COMMUNITIES:(R. Kaufmann)
Krill, salps and copepods are the most important consumers of phytoplankton in the Southern Ocean and play a crucial role in the processing of organic carbon from primary producers in surface waters and subsequent carbon export to the deep sea floor (Le Fèvre et al., 1998; Walsh et al., 2001; Pakhomov et al., 2002; Pakhomov et al., 2006; Whitehouse et al., 2009).  Krill (chiefly Euphausia superba) contribute to sinking particulate flux through the production of fecal pellets (e.g. Clarke et al., 1988; Loeb et al., 1997; Pakhomov, 2004) and molted exoskeletons (Nicol and Stolp, 1989) as well as consumption by higher-level predators (Shreeve et al., 2009).  Salps, especially Salpa thompsoni, and large copepods also facilitate the export of particulate organic material through high rates of phytoplankton consumption (Dubischar and Bathmann, 1997; Perissinotto and Pakhomov, 1998; Phillips et al., 2009) and fecal pellet production (e.g. Fortier et al., 1994; Pakhomov et al., 2002; Pakhomov, 2004; Pakhomov et al., 2006 Phillips et al., 2009).  Micronektonic fishes concentrate carbon through predation on krill and other crustaceans (e.g. Robison, 2003; Lancraft et al., 2004).  Mesopelagic fishes as well as E. superba and S. thompsoni may facilitate downward transport of carbon through diel vertical migration (e.g. Nishikawa and Tsuda, 2001; Gili et al., 2006; Tarling and Johnson, 2006; Shreeve et al., 2009).

Results from our studies thus far (Kaufmann et al., 1995; Smith et al., 2007; Kaufmann et al., submitted) provide compelling evidence that icebergs can exert a significant influence on the surrounding zooplankton and micronekton community.  Pelagic faunal assemblages within 2 km of large icebergs had higher total biomass during summer and fall compared to nearby waters that were free of icebergs (Kaufmann et al., submitted). We observed enhanced densities of Antarctic krill, Euphausia superba, in close proximity to icebergs in the NW Weddell Sea (Smith et al., 2007). Krill and salps collected near icebergs during the summer and fall had elevated levels of gut pigments compared to animals captured farther away (Kaufmann et al., submitted).  Gut pigment concentrations were comparable to peak levels measured in highly-productive coastal and ice-edge zones (e.g. Perissinotto et al., 1997; Perissinotto and Pakhomov, 1998; Pakhomov and Froneman, 2004; Pakhomov et al., 2006) and were correlated significantly with fluorescence measurements in surface waters.  This result suggests that icebergs can have a substantial effect on the grazing of primary producers by herbivorous zooplankton.

Preliminary data also suggest that macrozooplankton and micronekton have different depth distributions in the vicinity of icebergs vs. non-iceberg areas (Kaufmann et al., submitted).  Night trawls 1.85 km from a large iceberg in Mar-Apr 2009 showed a biomass mode near the surface (0-100 m), while the biomass mode at night in an area far from this large iceberg was 100-200 m below the surface.  Variation in the depth distribution of macrozooplankton and micronekton near icebergs could have important impacts on surface predators, which are known to respond to prey availability (e.g. Veit, 1999; Santora et al., 2009).

Proposed Research: We hypothesize that zooplankton and micronekton in the vicinity of free-drifting icebergs process carbon at a higher rate than in iceberg-free areas.  This enhanced cycling of carbon should lead to elevated downward fluxes of POC in regions transited frequently by icebergs.  On annual cruises we will characterize the depth distribution, abundance and species composition of zooplankton and micronekton at various distances from free-drifting icebergs; collect animals for shipboard determination of grazing and fecal pellet production rates and gut pigment concentrations; and preserve dominant macrozooplankton and micronekton (especially Euphausia superba) for later determination of diet through analysis of gut contents, compound-specific nitrogen isotopes and fatty acids.  In addition, we will evaluate backscatter from acoustic targets (likely to be krill, salps and fishes) in the upper 300 m of the water column during cruises with ship-based acoustic systems and between cruises with ADCP's on moorings to examine temporal trends in relative biomass and vertical movements by the dominant macrozooplankton and micronekton in areas of the NW Weddell Sea transited commonly and less commonly by free-drifting icebergs.


We will use towed 10 m2 and 1 m2 MOCNESS trawls to collect zooplankton and micronekton and mesozooplankton, respectively, in 100 m depth strata from 0-300 m at various distances from free-drifting icebergs (Smith et al., 2007; Kaufmann et al., submitted).  This sampling will allow us to determine the vertical distribution, abundance, and species composition of the assemblages.  Samples collected with the MOCNESS will be sorted fresh to major taxa, and individuals of dominant species counted and measured aboard ship prior to preservation.  During 10 m2 MOCNESS tows, hull-mounted ADCP and Simrad systems will be used to measure mean volume backscatter (MVBS) from acoustic targets for later comparison with MOCNESS catches  (Buchholz et al., 1995; Tarling et al., 2001; Zhou et al., 2005).


Short-term targeted sampling of zooplankton and micronekton for shipboard experiments will be carried out with the 1 m2 MOCNESS equipped with fine-mesh nets and a large, baffled cod-end bucket (Huntley et al., 1989; Perissinotto and Pakhomov, 1998; Atkinson et al., 2002; Ross et al., in preparation).  Live E. superba will be used to measure rates of gut evacuation (e.g. Pakhomov and Froneman, 2004; Bernard and Froneman, 2006; Ross et al., in preparation) and fecal pellet production (e.g. Martin et al., 2006).  Grazing rates for E. superba will be estimated using our shipboard measurements and procedures developed by Robin Ross and colleagues (see support letter).  Specimens of E. superba will be frozen in liquid nitrogen for later analysis of gut contents (Atkinson et al., 2002; Schmidt et al., 2006), gut pigments (e.g. Pakhomov and Froneman, 2004), digestive gland size (e.g. Schmidt et al., 2006), compound-specific nitrogen isotopes (Schmidt et al., 2006; Chikaraishi et al., 2009; Hannides et al., 2009), and fatty acids (Alonzo et al., 2005a,b; Schmidt et al., 2006; Hagen et al., 2007).  


Live S. thompsoni will be used for shipboard experiments to determine rates of grazing (e.g. Huntley et al., 1989; Perissinotto and Pakhomov, 1998) and fecal pellet production (Huntley et al., 1989; Pakhomov et al., 2006; Phillips et al., 2009).  Measurement of grazing rates for S. thompsoni will be carried out using methods described by Madin et al. (2006) through a collaboration with P. Kremer (see support letter).  Specimens of S. thompsoni will be frozen in liquid nitrogen for later analysis of gut pigments (e.g. Perissinotto and Pakhomov, 1998; Madin et al., 2006).  Fecal pellets collected from dominant micronekton and macro- and mesozooplankton also will be analyzed for concentrations of iron and radioisotopes (Shaw, Moore, Twining).


Examination of the vertical distribution and movements of acoustic scatterers (likely to be krill, salps and fishes) in areas with heavier and lighter iceberg traffic will be carried out through examination of MVBS based on ADCP data (Sprintall) from our three moorings (Tarling et al., 2001; Chereskin and Tarling, 2007; Cisewski et al., 2010).  These records should facilitate evaluation of temporal changes in zooplankton and micronekton distribution related to iceberg trajectories and estimation of the resulting impact on carbon flux..

VI. PARTICULATE ORGANIC CARBON EXPORT FLUXES (short and long-term measurements): (K. Smith, A. Sherman, T. Shaw)

The importance of the draw-down of atmospheric carbon dioxide in the Southern Ocean and its ultimate sequestration are topics of considerable debate (Le Quere et al., 2007). The high nutrient/low chlorophyll (HNLC) waters of the Southern Ocean when artificially fertilized with iron, yields increased rates of primary production, thus increasing the amount of CO2 drawn down into phytoplankton biomass. However, there are conflicting reports as to how much of this carbon is ultimately exported from the surface waters and reaches the deep sea. Over the short time periods of these fertilization experiments, the export of fixed carbon and its deep sea sequestration are equivocal (Boyd et al., 2004; Buesseler et al., 2004; Lam and Bishop, 2007). Natural iron fertilization, where upwelled iron provides the enrichment source, have provided good evidence that the increased phytoplankton biomass production is exported to deeper depths in the Southern Ocean at significantly higher rates than adjacent areas not fertilized by iron (Pollard et al., 2009; Blain et al., 2007). It is argued that under natural conditions, there is ample time for food chain transfer of this carbon through zooplankton grazing and fecal material export into the deep ocean (e.g. Eberbach and Trull, 2008).

Recent evidence suggests that free-drifting icebergs in the Southern Ocean contain significant concentrations of terrigenous material and are areas of enriched phytoplankton and zooplankton production (Smith et al., 2007). This terrigenous material, of glacial and Aeolian origon, contributes significant concentrations of iron into the surrounding water (Lin and Twining, submitted), thus forming a natural enrichment experiment with a pelagic foodweb capable of processing photosynthetically derived organic carbon. Our recent studies using Lagrangian Sediment Traps (LSTs) beneath and adjacent to a large iceberg has shown export fluxes of particulate organic carbon twice as high as those at a control open-water site (Smith et al., submitted).  We propose to continue short-term measurements of export flux of organic carbon associated with individual icebergs with extrapolation to satellite derived populations of icebergs. These short-term studies will be compared to long-term measurements of organic carbon fluxes measured with moored sediment trap arrays across “Iceberg Alley” to estimate the export to the deep ocean and sequestration on the sea floor. To address the short-term measurements, we will test the following hypotheses. The sinking flux of POC, PON, structural composition, and export of 234Th (as a proxy of POC) from ~600 m depth under and adjacent to a free-drifting iceberg (near-field): 1) Is not significantly different (p > 0.05) from the sinking flux of POC, PON, and 234Th in open water (far-field; ~ 70 km away). 2) Is not correlated with the physical structure of the iceberg.  Long-term export flux from icebergs to the deep ocean and seafloor will be measured beneath “Iceberg Alley” using moored sediment traps for concurrent comparison with short-term export fluxes identified from individual icebergs using autonomous neutrally-buoyant sediment traps and extrapolated to satellite-derived iceberg populations in the region. To address the long-term measurements, we will test the following hypotheses: The sinking flux of POC, PON (structure and chemical composition), and export of 234Th (as a proxy of POC) at 600 m depth and 600 m above bottom across a transect of three sites including “Iceberg Alley”: 1) Is not significantly different (p > 0.05) from the sinking flux of POC, PON, and 234Th estimated for populations of free-drifting icebergs in the region. 2) Is not significantly different (p > 0.05) between sites at the same depths over a two-year sampling period.

Proposed Research: We will conduct short- and long-term studies with Lagrangian sediment traps and moored sediment traps using two techniques to estimate particulate export fluxes and address the above hypotheses. Sediment traps will be used to capture sinking particulates directly, and 234Th/238U disequilibrium in near surface waters will be used as a proxy for carbon export. The two methods will be complementary because the sediment trap data will be used to help calibrate the proxy flux, while 234Th/238U disequilibrium measurements will provide higher spatial resolution.

Short-term studies: We will deploy Lagrangian Sediment Traps (LSTs) set to collect sinking particulate matter beneath and adjacent to each iceberg.   The LSTs were successfully deployed and collected sinking particulate matter under one iceberg in the NW Weddell Sea in 2009 (Sherman et al., submitted; Smith et al., submitted). A series of six LSTs will be deployed around each free-drifting iceberg and set to become neutrally-buoyant and collect below the greatest depth measured for the underside of the iceberg (~ 600 m; see above). Once at depth the collection funnel cups of the LST will open upon acoustic command and drift in the water mass associated with the iceberg, thus minimizing hydrodynamic biases of surface-tethered and bottom-moored sediment traps. Each LST has an acoustic transponder for location and ballast release. Collection periods of ~ 3 days are planned with each of the four collection funnel cups open simultaneously for replication and then automatically closed prior to surfacing and retrieval. Traps will not be poisoned during these short, cold-water deployments, to insure sample integrity for trace element analysis. Upon recovery, the particulate samples will be observed under magnification, swimmers removed, photographed for particle identification (e.g. fecal pellets, etc.) and three of the samples frozen at –80oC while the remaining sample will be saved for 234Th and trace element analysis after our return. In the laboratory, the three frozen samples will be lyophilized, weighed and analyzed for total carbon and nitrogen using a Perkin-Elmer elemental analyzer and inorganic carbon analyzed using a Coulometrics carbon analyzer (Smith et al., 1994). Organic carbon is determined as the difference between total and inorganic carbon (see Baldwin et al., 1998 for detailed description of analyses).  The flux of sinking particulate organic carbon and nitrogen will be calculated per day for the collection area of the combined LST funnels (0.32 m2) and then extrapolated to the estimated area of the near-field surrounding each studied iceberg (see Smith et al., 2007).  The enrichment area and associated particulate export flux versus size of the individual icebergs will be extrapolated to the population of icebergs identified through satellite imaging of the NW Weddell Sea including “Iceberg Alley”.  The extent of the surrounding near-field will be estimated from the extent of increased plankton and micronekton abundance and biomass (see above).

Samples for dissolved and particulate 234Th analysis and dissolved 238U analysis will be collected with the CTD/rosette as a proxy for organic carbon export (Benetiz-Nelson and Moore, 2006; Buesseler et al., 2006). Dissolved 234Th will be precipitated from 5 liter samples and measured using Beta Decay with a shipboard, low-level Risø GM-25-5A counter. Small volume samples will collected for later analysis of 238U by ICP-MS, and large volume samples will be filtered for later analysis of  234Th/C and C/N ratios in different particulate size fractions.  Carbon and nitrogen fluxes for both near and far field areas surrounding each iceberg will be modeled based on 234Th export as a non-steady state system employing the approach used by Buesseler et al. (2005) in the SOFeX experiment.  An initial inventory of 234Th and excess 224Ra will be measured on waters near the iceberg upon arrival to establish “box” size for a simple box model. During the 10 day occupation of each iceberg, additional inventories will be measured at the initial point of iceberg sampling and along the path of iceberg travel. This will allow us to observe the change in inventory of of 234Th and excess 224Ra at multiple positions as the iceberg moves from its initial position.  Results from our first iceberg project indicate that the change in the inventory of excess 224Ra is controlled primarily by initial input, decay, and to a lesser extent export (as mixing and water advection). We express the change in inventory by the simple equation below: Where N is [image: image4.jpg]Figure 1a

Figure 1b



the total inventory of the box (Activity x volume), T is time, is the decay rate of 224Ra.

In our initial investigation of excess 224Ra activity around icebergs, inventories remained high even tens of kilometers away. This suggests that inputs exceed decay and mixing (as export). We will use our simple box model to validate the mechanism of 238U/234Th disequilibrium (as 234Th export) as well as to estimate the input of terrigenous material leading to excess 224Ra enrichment. 

Long-term studies:  A transect of three sediment trap moorings will be deployed across iceberg alley including one station to the east as a control (Fig. 2). The three stations will consist of an array of two sediment traps (McLane PARFLUX -78H-21)  moored at 600 m depth, to coincide with the short-term LST deployment depth, and at 100 m above bottom (3000 m depth). In addition, there will be an upward-looking acoustic ice sensor to detect overlying ice cover daily for comparison with particulate flux measurements in the water column.  Year-round satellite monitoring of ice cover in the vicinity of the sediment trap transect will be conducted to evaluate seasonal pack ice cover along with the number and size of icebergs. Each mooring will be serviced annually over a period of  two years (see Schedule). The sample cups (21) on each sediment trap will be filled with filtered water from the deployment depth and poisoned with 10% formalin to minimize degradation of the particulate matter (JGOFS protocol). 

Trapping efficiency and particle scavenging will be determined by measurement of excess 230Th and excess 231Pa on trap material. Both 230Th and 231Pa are generated by the decay of their parents, 234U and 235U, that are nearly conservative in the water column. Both 230Th and 231Pa are scavenged on particles, with 231Pa generally showing a higher affinity to biogenic particles. Subsamples from trap collections will be digested in under clean conditions (Ultrex acids, Teflon digestion vials, class 100 conditions). Splits of the digested material will be spike with appropriate recovery spikes (229Th and 233Pa) and concentrated and separated by column separation (after Anderson et al., 2006). Processed samples will be analysed on either our Element XR ICP-MS (for 230Th) and our Neptune MC-HR-ICP-MS. A second split from the digestions will be analysed for trace elements and REE concentrations for evaluation of flux and material provenance.


The short-term measurements of export flux of organic carbon and nitrogen from beneath and around individual icebergs of different sizes will be used to estimate the pelagic enrichment area. This enrichment area relative to iceberg size will then be combined with the number and size frequency distribution of satellite-derived icebergs to estimate export flux at 600 m depth in the same region of iceberg alley and time. 


The long term measurements of particulate matter flux across iceberg alley compared to the “control will be used to estimate the contribution of icebergs to the export flux of organic carbon to the deep ocean. The export flux across iceberg alley will then be compared to the short-term estimates generated from individual icebergs extrapolated to regional scale population of icebergs detected via satellite.

VII. ENRICHMENT, PRODUCTION, AND PARTICULATE CARBON EXPORT: (All P.I.s)

We hypothesize that Fe enrichment associated with free-drifting icebergs will enhance attached and surrounding pelagic community production.  Enhanced community production then will lead to increased POC export flux, scaling according to the size of these icebergs.  We will integrate the results from each research component to formulate a spatially explicit representation of each iceberg, incorporating the physical, chemical and biological characteristics.  This iceberg data collection and visualization system will enable all collaborators to make joint use of data.  A multi-dimensional model ultimately will evolve for each iceberg using a GIS format with the reconstructed topography of each iceberg serving as the baseline in 3-dimensional space.  
The analyses we propose to conduct in addressing the four research questions and the corresponding null hypotheses are addressed below.

1. Is there a sphere of influence of integrated Fe concentration, carbon production and particulate export flux associated with icebergs that is statistically distinguished from the surrounding pelagic ecosystem (control)?

Ho:  There is no pelagic sphere of influence of chemical and biological parameters that significantly differentiates a near-field area associated with a free-drifting iceberg from a control area (far-field).

Each chemical and biological variable which is determined to be significantly enhanced by the six research components (Sections II, III, IV, V, VI, VII) will be combined into a multi-dimensional model using a scientific visualization and GIS approach, overlaying each measured parameter over the digital model of the iceberg topography and extending out to the limits of sampling in the far-field for each iceberg.  We predict that a decreasing gradient will exist in chemical and biological parameters with increasing distance from the drifting iceberg, at some point reaching background (i.e. control) levels as found in our preliminary study (see Preliminary Results above).  This background level should be discernible for each iceberg and is expected to represent a common control condition for comparison with near-field conditions.  

2. Does the sphere of influence of integrated Fe concentration, carbon production and particulate export flux associated with free-drifting icebergs correlate with their size (mass, draft, displacement volume, aerial surface area, submerged surface area)?


Ho: The gradients of chemical and biological parameters associated with free-drifting icebergs do not change significantly with their size (mass, draft, displacement volume, aerial surface area, submerged surface area), i.e., there is no scaling effect.

We expect that the estimated carbon production by the iceberg-associated attached and pelagic communities and the resulting export flux of particulate organic carbon will increase with increasing size of these icebergs. 

3. Does the population of free-drifting icebergs distinguishable from satellite imagery and shipboard transects, create a substantial impact on the Fe concentration, carbon production and particulate export flux in the Weddell Sea during the time period covered by our field program?


Ho: The measured Fe concentration, carbon production, and particulate export flux extrapolated by size to the population of free-drifting icebergs during the field study in austral fall has no significant areal impact on the pelagic ecosystem of the Weddell Sea. 

 The resulting relationships between size/structure measurements and significant ecosystem parameters will provide a means for estimating the sphere of influence for a population of free-drifting icebergs of any size detected in satellite images within the study area of the Weddell Sea.  In general, we expect that this multi-dimensional sphere of influence will scale by size and this influence can be determined within the size range of icebergs detectable by satellite imagery in the Weddell Sea.  

4. What predictions can be made as to the influence of free-drifting icebergs on CO2 sequestration in the Southern Ocean?

Ho: The estimated CO2sequestration calculated from measured particulate carbon export flux associated with free-drifting iceberg populations in the Southern Ocean has no significant difference from the estimated CO2 sequestration of open water free of icebergs.


The population of icebergs in the Weddell Sea, identified in satellite imagery during austral fall of 2008 and 2009, will be assigned size-related estimates of particulate organic carbon export fluxes and the resulting CO2 sequestered into the deep sea. We hope to expand these modeling efforts to the population of free-drifting icebergs in the entire Southern Ocean to provide preliminary predictive capabilities as to the importance of icebergs in global cycling of carbon, relating to historic, current and future climate change events. 

Fig. X. DAPI-stained particles in  seawater (20 mL filtered onto 0.22 m nucleopore filter)  collected 7 m above the seafloor at 3394 m in iceberg alley.
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