
Ocean Gliders: Southern Ocean Observing

The Southern Ocean plays a fundamental role in the operation of the Earth system, influencing global climate, biogeochemical and ecological cycles (Meredith et al. 2013). It also hosts a number of commercially fished species managed using the ecosystem-based precautionary approach. Polar seas are experiencing changes in atmospheric/ocean circulation, ocean properties, sea ice cover and ice sheets (Schofield et al. 2010). This includes the freshening of the upper and lower limbs of Southern Ocean overturning, due to changes in the hydrological cycle and ice melt; and a weakening in the rate at which the Southern Ocean can draw down carbon from the atmosphere (Le Quéré et al. 2007; Meredith et al. 2012). Ecosystems are already being affected by these changes (Murphy et al. 2007; Schofield et al. 2010 Ducklow et al. 2012) and ocean acidification is likely to progress rapidly in the Southern Ocean in coming decades with strong implications for the productive food webs (McNeil and Matear 2008).

The harsh conditions and remoteness of the Southern Ocean have led to it being an under-sampled region of the global ocean. Several international organisations (Scientific Committee on Oceanic Research, SCOR; Scientific Committee on Antarctic Research, SCAR; Committee for the Commission of Antarctic Marine Living Resources, CCAMLR) recognise the critical need to observe and understand the Southern Ocean. In particular, to determine its role in global environmental change, to increase resilience to that change and to ensure sustainable resource exploitation. The Southern Ocean Observing System (SOOS, www.soos.aq) strategy, addressing six critical challenges, was developed in response to this need (Meredith et al. 2013). Significant attention was paid to data delivery and SOOS propose that the long-term solution is much greater automation of data collection, including the transfer of measurements to technologies that can be operated remotely or completely autonomously. The value of gliders in global ocean observing systems has been well documented (Liblik et al., 2016).

Autonomous underwater gliders provide sustained fine resolution observations, typically profiling from the surface to 1000m and travelling at speeds of 1 km/hr. Gliders typically obtain location by GPS and communicate through the Iridium satellite phone system. Mature and experimental sensors on gliders measure pressure, temperature, salinity, ocean currents, turbidity, particle concentration, dissolved oxygen, carbon dioxide, pH, nutrients, chlorophyll, phytoplankton health, underwater noise and zooplankton density. They are a small platform (~1 m in length) deployable from small boats, as well as larger research and fishing vessels, and some can now be deployed from land. Routinely used in more temperate regions, current challenges pertinent to Southern Ocean deployments are: ice cover (ice avoidance/coping, underwater navigation and communication), mission duration (battery life and influence of cold, remote/long distance access) and data download (cabled observatory hubs for data download/communication).

 Even in the face of these challenges there have been a number of successful glider deployments in the Southern Ocean, summarised here:

· The first glider missions in the Antarctic was in 2007 along the West Antarctic Peninsula conducting surveys along the shelf  mapping phytoplankton distributions and storm events (Dubinsky and Schofield 2009). The success of the mission led to the integration of gliders into the Long Term Ecosystem Research program conducted along the peninsula (Kahl et al. 2010; Oliver et al. 2012, 2013; Carvalho et al. 2016, 2017; Cuoto et al. 2017). To date there have been 49 glider missions, addressing a range of science questions spanning from intrusion of the modified circumpolar current intrusions on the shelf, role of mixing regulating phytoplankton distributions, and factors regulating the penguin foraging dynamics.

· The first Antarctic glider campaigns in the Ross Sea, commenced in 2010. They enabled measurements of the spring bloom of plankton in the polynya regions long before the area was accessible to conventional measurements techniques from ships (Kaufman et al. 2014; Smith et al. 2014; Queste et al. 2015; Kaufman et al. 2017a,b). This was followed up with glider missions in 2011, with systems deployed from the ice edge directly and augmented ship based surveys of topographic steering of the upwelling in the Ross Sea (Kohut et al. 2013).

· A long-standing collaboration between BAS and Rutgers University has seen >20 glider deployments done in the West Antarctic since 2012, with some piloted all the way from the BAS research station at Rothera to the USAP station at Palmer. These deployments have been highly valuable both for understanding the routes and mechanisms by which warm deep waters are brought onshore and modified on-shelf, and for revealing key physical-biological interactions that support the ecosystem of the region (Venables et al. 2017). 

· The first glider deployments in the roaring forties & fifties – in the Antarctic Circumpolar Current - were made by South Africa (CSIR) in 2012 where deployments of up to 6 months were completed to monitor ocean physics and biogeochemical carbon pathways in the Subantarctic-Polar regions (Swart et al., 2015; du Plessis et al., 2017; Thomalla et al., 2015; 2017)  

· Gliders equipped with a 120 kHz echosounder have been deployed to assess the abundance of Antarctic krill in the Weddell Sea (Guihen et al. 2014), Ross Sea (Ainley et al. 2015) and at the Antarctic Peninsula, they demonstrated an ecosystem monitoring capacity for gliders.

· The Weddell Sea GENTOO campaign in 2012 demonstrated the importance of processes on kilometre scales for both physical and biological oceanography in polar regions (Heywood et al. 2014). High resolution glider measurements are ideal to study these processes; polar regions have smaller scale processes than lower latitude regions.  These small scale processes were revealed to be vital for transferring heat towards the Antarctic ice shelves (Thompson et al. 2014) and for fertilizing the ocean by icebergs (Biddle et al. 2015). They were also used to capture variability associated with the Antarctic Slope frontal system and its impact on exchange with the interior of the Weddell Gyre and the Scotia Sea (Azaneu et al. 2017).

· As part of the NSF-funded ChinStrAP (Changes in Stratification at the Antarctic Peninsula) project, two Seagliders were deployed in southern Drake Passage, both upstream and downstream of the Shackleton Fracture Zone, for a period of four months (December 2014-March 2015).  The gliders have been instrumental in documenting the subduction of high chlorophyll waters from the continental shelf, topographically-induced submesoscale turbulence in thick bottom boundary layers over the continental slope and variability in the surface mixed layer.  In May 2016, two Seagliders were deployed in southern Drake Passage and flown in parallel across the Southern ACC Front and the Polar Front multiple times (Erickson et al. 2016; Ruan et al. 2017; Viglione et al. 2017).

· Gliders have been combined with autonomous surface vehicles (ASVs, e.g. Wave Gliders) to understand the processes of air-sea interaction (Gille et al., 2016) and upper ocean carbon cycling in the Southern Ocean (Monteiro et al., 2015), yielding for the first time long-duration multi-disciplinary measurements of ‘twinned’ gliders in a very rough region (Schmidt et al., 2017).

· Gliders were coupled with radio-tagged penguin data to understand foraging dyanmics in a project CONVERGE, which used the live penguin data combined with High Frequency Radar data to adaptively sample the ecosystem dynamics (Kohut et al. 2014).

· Gliders were deployed in the Amundsen Sea in 2014 and 2016 to conduct missions along the ice sheet. Glider data was used to assess the phytoplankton dynamics and the coastal out flow from under the sheet (Schofield et al. 2015, Miles et al. 2015).

In addition, there are several proposed and planned efforts:

Antarctic Peninsula (USA, UK)

· Two separate deployments are planned in 2017/18 and 2018/19 to understand two critical components of the overturning circulation of the Southern Ocean. The first deployment, focused on the region west of the Shackleton Fracture Zone in Southern Drake Passage, will provide important insights into how heat is subducted into the interior of the Southern Ocean and how individual storm events affect the development of the ocean’s density structure over the summer months. The second deployment, based in the southern Scotia Sea, will quantify the role of seamounts in determining the turbulent mixing of water masses, a key process for mixing both heat and carbon into the Southern Ocean interior.

· The U. S. AMLR Program will be converting their ship-based at-sea program to a fully autonomous program beginning in the austral summer 2019. The FreeByrd Program will work with partners including Rutgers University and will endeavor to begin to use gliders to conduct annual surveys of the biomass of Antarctic krill around the Antarctic Peninsula. The U.S. AMLR Program has acquired two Teledyne G3 extended range Slocum hybrid gliders and six (6) long duration self-contained 100kHz ADCPs with integrated 100 kHz wide band scientific echosounders (SC-ADCP/E). The FreeByrd Program will deploy between two and four gliders to cover the areas of off Livingston Island and in Bransfield Strait, and to conduct surveys in the vicinity of predator populations. Additionally, the program will deploy six sub-surface moorings on the shelf off Livingston Island in early October of each year. Each mooring will support two to three SBE Inc. SBE37 CTD-Os and the SC-ADCP/Es. Together, this coupled instrument-based program will demonstrate 1) that operational use of gliders to conduct acoustics surveys are practicable and can replace ships-based surveys in some areas, vastly decreasing costs to large monitoring programs 2) will provide critical data on the predator-prey interactions in relation to the krill fishery and the flux of krill through the study area, and 3) will provide data on shelf-slope fluxes of heat and salt that can potentially influence the productivity in this region. Data from this program will be made available to the general scientific community following recovery of the gliders and retrieval of moorings each March.

· An intensive multidisciplinary glider campaign (NERC PICCOLO) on the eastern side of the Antarctic Peninsula will enable for the first time measurements of all aspects of the carbon cycle on the Antarctic continental slope, from physical transformations to carbon sequestration and ecological processes.

Scotia Sea (UK, SA)

· Four gliders will be deployed in the vicinity of South Georgia in the period September 2017-February 2018 as part of the European Research Council funded GOCART project and in collaboration with CSIR, South Africa.  The mission will quantify the variability in sinking organic carbon fluxes on timescales of days to months. An additional Seaglider will be deployed north of South Georgia in 2017/18 to investigate the distribution and abundance of krill in tandem with the BAS Western Core Box long term ship-based assessment of krill.

Ross Sea (USA, UK)

· There are three deployments of gliders planned in the Ross Sea. Three Seagliders will be used to track a profiling float during late winter-early spring, with the aim being to understand the processes that lead to the initiation of the spring bloom. Two gliders will be used to assess the distribution and abundance of mesozooplankton and their impacts on phytoplankton, and a deployment of a Seaglider north of Ross Island will be used to further assess the role of top predators (penguins, whales) on the distribution and abundance of krill and fish.

· Gliders will be deployed for the next 5 summer seasons on the continental slope and shelf of Antarctica, in polynyas and close to ice shelves, in the Weddell Sea, Amundsen Sea and Ross Sea (EU-COMPASS). This will quantify air-sea-ice interaction and help the global climate community to more accurately simulate the key processes of water mass transformation around Antarctica – these are particularly poorly represented in the current generation of climate models.

· Gliders will be deployed close to ice shelves in the Amundsen, Ross and Weddell Seas to quantify the warm water entering ice shelf cavities (EU-COMPASS); this will help us to improve the predictions of sea level rise due to acceleration in the rate of ice sheet melting.

· Upcoming deployments of 3 frequency acoustic systems for ecosystem science will be tested in summer 2018 in the Ross Sea.

Weddell Sea (UK, SA)
· Gliders will be deployed for the next 5 summer seasons on the continental slope and shelf of Antarctica, in polynyas and close to ice shelves, in the Weddell Sea, Amundsen Sea and Ross Sea (EU-COMPASS). This will quantify air-sea-ice interaction and help the global climate community to more accurately simulate the key processes of water mass transformation around Antarctica – these are particularly poorly represented in the current generation of climate models.

· Gliders will be deployed close to ice shelves in the Amundsen, Ross and Weddell Seas to quantify the warm water entering ice shelf cavities (EU-COMPASS); this will help us to improve the predictions of sea level rise due to acceleration in the rate of ice sheet melting.

· Gliders will be deployed in the Marginal Ice Zone through South African – Swedish collaborations (University of Gothenburg, CSIR) to provide the first fine scale, continuous observations of under ice upper ocean physics and biogeochemistry. 

Amundsen Sea (UK)

· Gliders will be deployed for the next 5 summer seasons on the continental slope and shelf of Antarctica, in polynyas and close to ice shelves, in the Weddell Sea, Amundsen Sea and Ross Sea. This will quantify air-sea-ice interaction and help the global climate community to more accurately simulate the key processes of water mass transformation around Antarctica – these are particularly poorly represented in the current generation of climate models.

· Gliders will be deployed close to ice shelves in the Amundsen, Ross and Weddell Seas to quantify the warm water entering ice shelf cavities; this will help us to improve the predictions of sea level rise due to acceleration in the rate of ice sheet melting.
Bellingshausen Sea (USA)
· As part of an NSF-supported project, two Seagliders will be deployed in 2018-19 in the Bellingshausen Sea to investigate transitions in the structure of the Antarctic Slope Front between the eastern edge of the Ross Gyre and the West Antarctic Peninsula.  (Caltech & Florida St. University).
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