Title: Free-drifting icebergs in the Southern Ocean: an overview
1. 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).  Substantial losses in the Antarctic ice mass have occurred over the past decade particularly in West Antarctica (Rignot et al., 2008). High 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 ice mass losses up to 140% over the past decade (Rignot et al., 2008).

There are 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).  Recent evidence suggests that one very large iceberg (B-15, ~ 300 km long x 40 km wide; Lazzara et al., 1999) in the Ross Sea drastically restricted the flow of pack ice, reducing the area of open water and resulting in a > 40% decrease in primary production of the region (Arrigo et al., 2002).  A reduction of this magnitude impacts all trophic levels including top predators.  Such very large icebergs may have large-scale effects but are rare compared to the much greater abundance of smaller icebergs one to two orders of magnitude less in size.  These smaller icebergs have a much larger surface area to volume ratio, providing relatively more substrate for organisms and, when considered in total, could impact a vast region of the Southern Ocean.  There are an estimated 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). 
Floating islands of ice 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 highest concentration of icebergs is in the Weddell Sea (Fig. 1), following a clockwise, northerly route between 20o to 50o W along "Iceberg Alley" (Ballantyne, 2002; Schodlok et al., 2006) that parallels the northeasterly tending topography of the Antarctic Peninsula. The Coriolis force entrains icebergs in the counterclockwise flow of the coastal current around Antarctica, although this flow may be diverted by topographic features such as those along the eastern boundary of the Weddell Sea (Gladstone et al., 2001).  Many icebergs originating around the Antarctic continent ultimately become entrained in the Weddell Sea “Iceberg Alley” flow (Ballantyne, 2002). 
Icebergs larger than 18 km in any one dimension are assigned alphanumeric codes to identify their point of origin and chronological sequence. Those icebergs originating in the Bellingshausen and Weddell Seas between 0o and 90o W longitude are classified as A. Going counterclockwise around Antarctica, icebergs from the Amundsen and Eastern Ross Sea (90o W to 180o) are designated B. Icebergs from the Western Ross Sea and Wilkes Land (90o E to 180o) are classified as C while those from the Amery Ice Shelf and Eastern Weddell Sea (0o to 90oE) are designated as D.
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 not grounded and are free of seasonal pack ice.
2. Chronology of iceberg studies
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 known 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). 

2.1 Preliminary field study (December 2005)

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 granted a National Science Foundation, Small Grant for Exploratory Research in 2005. This study addressed 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. We hypothesized that icebergs can have important structuring effects on local pelagic communities. 

The first iceberg cruise (Iceberg I) on ARSV L. M. Gould was conducted from 27 November to 27 December 2005 in the NW Weddell Sea (Fig. 1a,b).  RADARSAT and QuickSCAT satellite images were used to locate the first iceberg for study (A-52; Fig. 2a) in the vicinity of Clarence Island. Sampling commenced on 3 December and continued until 6 December when A-52 became grounded along Clarence Island. The ship then proceeded east to a free-drifting iceberg identified on ship’s radar and named W-86 (Fig. 2b) since it was of insufficient size to be distinguishable in satellite images with no traceable origin. W-86 became the target of study from 7 December until 15 December (~7 days) with a brief 18-hour interlude to study W-87 which was subsequently abandoned when it became surrounded by seasonal pack ice driven by local winds. After completion of studies around W-86, we reoccupied A-52 which was again free-drifting to the northeast of Clarence Island but through ablation had become an order of magnitude smaller in size (Fig. 2a). Studies resumed at A-52 for another 5 days until our final departure on 20 December.  The combined study at A-52 was ~7.5 days.
 A variety of instruments were employed to study these icebergs. The configuration of the iceberg was imaged using a laser ranging device to estimate the aerial height (Helly et al., this issue) and an acoustic imaging system to map the undersurface (Table 1). A small remotely operated vehicle (Phantom II, ROV) with a 300 m tether was deployed to survey the undersurface of each iceberg using real-time video stream. The ROV provided images of the zooplankton in close proximity to the iceberg. A collection net was also fastened to the ROV to sample the ice-attached algal community (Robison et al., this issue).  Standard water sampling was conducted with a CTD/rosette and the underway surface pumping system as part of the ship’s underway system (Table 1). Also, an intake hose was fastened to the CTD/rosette cable for pumping large volumes of water to the ship from depths to ~ 80 m (Shaw et al., this issue).  Zooplankton and micronekton were sampled using a towed 1 m2 and 10 m2 multiple opening-closing net system (MOCNESS; Kaufmann et al., this issue). A total of 596? sampling events were conducted during the Iceberg I cruise (Table 1).
Results from this preliminary iceberg study in the NW Weddell Sea (Fig. 1a,b) 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 immediate 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 has shown enhanced phytoplankton biomass associated with icebergs using satellite derived ocean color and iceberg tracking in the Weddell Sea (Schwarz and Schodlok, 2009).

 Of particular interest is the role that icebergs may play as sources of iron (Fe) 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).  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 Fe have been measured in floating ice of glacial origin (Martin et al., 1990), 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; this issue).

The loss of approximately 150 GT (= 109 metric 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 predicted 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 most importantly shelf sediments (Shaw et al., this issue). 


It was clear from our preliminary study that the two icebergs we studied, A-52 and W-86, 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 iceberg ecosystem dynamics is very limited, it is critical that we gain an understanding of their influence on the Southern Ocean, given the increasing frequency of these drifting islands of ice over the past decade.  Nutrient enrichment related to these 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 carbon export as exhibited in natural Fe enrichment studies (Blain et al., 2007; Pollard et al., 2009) compared to lower export observed by recent mesoscale 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 the sequestration of CO2 in the Southern Ocean thus impacting the global carbon cycle to as yet unknown proportions.
2.2 Second field study (2008 and 2009)
Subsequent funding from the National Science Foundation allowed us to continue our studies by addressing the importance of iceberg hotspots as natural sources of fertilization and pelagic ecosystem alteration during global warming. This second field study was conducted on two cruises, June 2008 and March/April 2009, to address the following questions.
· 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?

· 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?

· What is the relationship between the Fe and nutrient distributions associated with free-drifting icebergs and the organic carbon dynamics of the ice-attached and surrounding pelagic communities of organisms (microbes, zooplankton, micronekton) on temporal scales of days to weeks?

· What is the relationship between the organic carbon dynamics of the ice-attached and surrounding pelagic communities of organisms (microbes, zooplankton, micronekton) and the export flux of particulate organic carbon from the surrounding mixed layer on temporal scales of days to weeks?

· What is the estimated combined impact of the population of free-drifting icebergs in the Weddell Sea on the natural enrichment, carbon production and particulate export from the mixed layer on temporal scales of days to months?

2.2.1 NW Weddell Sea/Scotia Sea cruise (June 2008)  
Scheduling for this cruise in late austral fall prevented our return to the NW Weddell Sea because of advancing seasonal pack ice and the inability to find icebergs not constrained by surrounding ice. Based on satellite tracking of detectible icebergs, several targets were identified free of the seasonal pack ice in the southern Scotia Sea north of the South Orkney Islands (Fig. 1a,c). However, two of these targets were not icebergs but low-lying, consolidated fragments of multi-year ice probably originating as fast ice along a continental or island shoreline. These “false icebergs” had sufficient reflectance to be detected and tracked by satellite. En route between targets a smaller tabular iceberg was located and named SS-1, Scotia Sea #1 (Fig. 2c). SS-1 was a tabular iceberg with a length of 4.5 km but ablation processes resulted in a reduction of the length by 1 km during our study from 7 to 16 June (8.8 days).  Laser profiling revealed a height of 50 to 60 m above water line (Helly et al., this issue). The sampling in close proximity and under SS-1 was severely restricted by the loss of the Phantom ROV when the tether was unfortunately severed on the first science dive. However, through much creative engineering, a new ROV (Phoenix) built from spare parts was used in the latter part of the cruise on five deployments to photograph the ice surface and sample water beneath the iceberg (Table 1). In addition, a sonar system was mounted on a rigid pole from the side of the ship and used in mapping the underside of the iceberg (Rock and Kimball, this issue).  An unmanned aerial vehicle (AUV) was deployed for the first time to photographically survey the top of the tabular icebergs and drop GPS tags for local navigational aids and for tracking (McGill et al., this issue). Other instrumentation used on the previous cruise as well included the MOCNESS, phytoplankton nets and the CTD/rosette. A small Tucker trawl (1 m2) was used to collect deep-living macrozooplankton and micronekton (Table 1). New pumping tow-fish systems, deep and shallow configurations (Shaw et al., this issue), and trace metal clean bottles on Kevlar line (Lin et al., this issue) were used to sample trace metals, nutrients, isotopes and microorganisms in the upper 1000 m of the water column. A profiling reflectance radiometer (PRR) was deployed in surface waters to measure the upwelling and downwelling light (Vernet et al., this issue). 
A much larger tabular iceberg, (A43K; Fig. 2d) was located from satellite images and served as our second study site. A43K originated from the Ronne Ice Shelf over eight years prior and had been tracked by satellite to the Scotia Sea with current dimensions of 38 km long by 14 km wide and a height above water of ???? m (Helly et al., this issue). This iceberg, located 70 km from SS-1 was sampled for 9.5 days beginning on 16 June until departure for port on 25 June. A newly developed Lagrangian sediment trap (LST; Sherman et al., this issue) was deployed autonomously under a smaller iceberg satellite to A-43K after prior testing of the deployment strategy with an LST drone (Table 1). The scheduled deployment of 6 hours resulted in a successful surfacing and location of the instrument but it was subsequently lost during the ship recovery process. Even with some serious equipment losses, there were 661 events successfully completed on the Iceberg II cruise.
2.2.2. NW Weddell Sea cruise (March/April 2009) 
This cruise began with the study of a large tabular iceberg, C-18A (Fig. 2e), which originated in the Ross Sea after a calving event in 2003.  C-18A was tracked by satellite as it circumnavigated counterclockwise around the Antarctic continent in the coastal current, arriving from the east into the NW Weddell Sea and then north through “Iceberg Alley”. The size of C-18A measured during a ship circumnavigation was 32 km long and 6 km wide which changed little from satellite images taken several months previously while still surrounded by pack ice.
C-18A was initially sampled intensively for 11.5 days from 9 to 24 March with an intermediate break to perform a  3-day medical evacuation. A decision was then made to steam east to a strong satellite target (B-15L) in the central Weddell Sea where the iron concentrations were low, affording a better opportunity to differentiate export associated with the iceberg. While B15L had elevated levels of trace metals and isotopes, this chemical signal could not be differentiated from that of the seasonal ice pack located 111 km to the south. Abandoning B-15L, we searched for another iceberg to the north, away from the ice edge influence. After several failed attempts at locating a suitable iceberg, we diverted to the northeast back to C-18A and continued a more in-depth study for 7 days from 28 March until 4 April. We identified a suitable control site ~ 74 km east of C-18A where Lagrangian sediment traps were deployed for a three-day collection at 500 m depth (Smith and Sherman, this issue). Completing studies at C-18A, we steamed southwest into an extensive population of smaller icebergs scattered over a 370 km, with high numbers of seabirds and mammals. Surveys and sampling commenced in this area of “iceberg alley” until 10 April, with only a brief transit north to recover a Lagrangian sediment trap at the C-18A control site. The iceberg alley site was considered an important component of our study, since the iceberg population in the NW Weddell Sea is dominated by smaller icebergs from 15 m to 2 km in largest dimension (Fig. 2f) which are not detected by most satellite imagery on a regular basis. Sampling ended on 11 April with transit back to port.  
A new ROV (Phantom) was developed for this cruise. The ROV was equipped with a CTD, fluorometer, video cameras, sequential plankton sampler, “gulper” water sampler, sonar, and the capability of pumping large volumes of water for trace elements, radioisotopes and microorganisms back to the ship (Hobson et al, this issue). Deep and shallow tow-fish were also used to sample large volumes of water (Shaw et al., this issue). The MOCNESS trawls and CTD/rosette were also used extensively along with the underway surface pumping system for mapping the surface temperature, salinity and nutrients around the iceberg (Helly et al., this issue). Lagrangian sediment traps were deployed underneath and in the vicinity of C-18A and control areas to measure the sinking particulate matter while free-drifting at 500 m depth (Sherman et al., this issue; Smith and Sherman, this issue). An unmanned aerial vehicle (UAV) was flown from the ship to optically image the surface of the tabular icebergs as well as to drop GPS tags for local navigation and tracking (McGill et al., this issue).  A total of 669 events were successfully completed on the Iceberg III cruise (Table 1).
3. Significant findings
· Tracking large tabular icebergs  (Stuart and Long, this issue)

· Iceberg abundance, distribution (Helly et al., this issue)

· Iceberg relative navigation system (Rock and Kimball, this issue)

· Remote operated vehicle (Hobson et al., this issue)

· Unmanned aerial vehicle (McGill et al., this issue)

· Lagrangian sediment traps (Sherman et al., this issue)

· Upper ocean mixing near icebergs (Stephenson et al., this issue)

· Mapping of iceberg meltwater plumes (Helly et al., this issue)

· Composition and mineralogy of ice-rafted detritus (Shaw et al., this issue)

· 234Th inventories in the Weddell Sea (Shaw et al., this issue)
· Terrigenous input from icebergs (Shaw et al., this issue)

· Iceberg-sourced labile iron in the Southern Ocean (Raiswell et al., this issue)

· Free-drifting icebergs as source of dissolved and particulate iron (Lin and Twining, this issue)

· Dissolved Fe speciation (Lin and Twining, this issue)

· Phytoplankton and bacterioplankton response to iron and carbon (Murray et al., this issue)

· Bacterioplankton activity and community structure (Murray et al., this issue)

· Phytoplankton biomass and composition (Vernet et al., this issue)

· Phytoplankton diversity and icebergs (Vernet et al., this issue)

· Algal communities attached to icebergs (Robison et al., this issue)
· Boundary-layer zooplankton around icebergs (Robison et al., this issue)

· Macrozooplankton and micronekton communities around icebergs (Kaufmann et al., this issue)

· Energetics of Antarctic krill around icebergs (Lowery et al., this issue)

· Trophodynamics of macrozooplankton and micronekton (Kaufmann et al., this issue)

· Carbon export associated with icebergs (Smith and Sherman, this issue)

· Seabird aggregation around icebergs (Ruhl et al., this issue)
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Figure Legends

Fig. 1. Chart of the three iceberg study areas in the NW Weddell Sea and Scotia Sea. a) The study areas are bounded to the west by the Antarctic Peninsula and the South Shetland Islands and to the east by the South Orkney and South Georgia Islands. b) Iceberg I study area showing ship’s track east of Clarence Island in December 2005. c) Iceberg II study area showing ship’s track in the Scotia Sea during June 2008. d) Iceberg III study area showing ship’s track in the Powell Basin of the NW Weddell Sea during March and April 2009. All ship’s tracks designated in Julian days.
Fig. 2. Photographs and outline shapes of the five principal icebergs used in this study, including the “iceberg alley” area. a) Iceberg A-52. b) Iceberg W-86. c) Iceberg SS-1. d) Iceberg A-43K. e) Iceberg C-18A. f) “Iceberg Alley” with estimated iceberg dimensions, surface areas and aerial heights observed in April 2009. Dimensions and surface areas of each of the five icebergs from Helly et al., this issue.
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