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1. Introduction

Description of problem: Sample particulate matter under a drifting iceberg 

The proliferation of icebergs originating from Antarctic ice shelves and glaciers over the past decade has raised questions about their potential impact on the surrounding pelagic ecosystem of the Southern Ocean. A earlier study suggested that free-drifting icebergs could serve as areas of enhanced production and export of organic carbon to the deep sea (Smith et al., 2007). One of the key issues yet to be resolved in evaluating the role of icebergs in the global carbon cycle is the production and export of particulate organic carbon associated with surrounding pelagic community. The question remains whether these icebergs significantly influence the carbon cycle of the Southern Ocean?

Determining the amount of particulate matter associated with a large, unstable, chaotically drifting iceberg is a technical challenge. Due to their irregular, and at times treacherous shapes and propensity to calve without warning, it is prohibitively dangerous to navigate around or beneath icebergs with traditional underwater vehicles such as remotely operated vehicles (ROVs) or autonomous underwater vehicles (AUVs). For an ROV, one considerable risk is catching the tether connecting the vehicle to the ship on protruding pieces of ice. AUVs have been used successfully under ice shelves (ref), however without knowledge about the depth profile of the submerged portion of the iceberg it would be precarious to deploy these vehicles. The risk of losing one of these expensive assets if it became trapped under the ice is too great. 
Bottom moored and surface tethered sediment traps have been routinely used to collect particulate matter through the water column to estimate sinking particle flux. However, there have been serious biases of such designs due to turbulent flow across the collection surface (e.g. Gardner, 1980; Gust et al., 1994).  Neutrally buoyant sediment traps were developed to drift with the surrounding water at discrete depths to collect sinking particulate matter while minimizing turbulent flow and contamination by “swimmers” (Buesseler et al., 2000; Lampitt et al., 2008). The neutrally-buoyant sediment trap (NBST) was developed to sample upper ocean particle fluxes at discrete pre-determined depths using an auto-ballasting controller and cylindrical collection tubes that close on recovery (Valdes and Price, 2000). A similar free-drifting sediment trap was designed around an APEX buoyancy engine float with either isobaric or isopycnal capabilities for sampling at predetermined depth or density surface using four collection funnels (Lampitt et al., 2008).
The more stringent criteria for sampling under free-drifting icebergs required a neutrally buoyant sediment trap that could be acoustically tracked during sampling at depth and recalled when in open water. Here we describe the development of the Lagrangian sediment trap (LST) and the five deployments made under two icebergs in the NW Weddell Sea during March/April 2009.

2. Lagrangian sediment trap development
For this project, we required a low cost vehicle which could be deployed autonomously to drift beneath an iceberg and collect the sinking particulate matter. Following the collection period the vehicle would drift clear of the iceberg and safely resurface.  The LST consists of four critical components, a buoyancy engine, acoustic modem, sediment trap, and surface tracking devices.
2.1 Buoyancy engine

The LST was developed around an existing buoyancy control system, the Sounding Oceanographic Lagrangian Observers (SOLO) floats (Davis et al., 2001). These floats have a variable buoyancy engine enabling them to change their density relative to the surrounding water. The floats are frequently deployed in a mode in which they “yo-yo” up and down the water column collecting CTD data for months at a time.  In these missions, the SOLO floats sink to a depth set point and drifts along with this water mass for a preprogrammed interval. At the end of the interval the buoyancy engine adjusts to become positive buoyant and the float rises to the surface, collecting CTD data on the ascent. On the surface, the vehicle uses an ARGOS satellite transmitter to send data back to shore. An additional air bladder fills when the vehicle surfaces to ensure the highest possible position for ARGOS antennae at the top of the vehicle.

   For the iceberg sampling mission, the SOLO floats met several requirements: the ability to sink to a depth below a > 200 m draft iceberg, to drift at a fixed depth for a programmable interval, a means of communicating it’s position to aid recovery, and a cost that did not prohibit deploying several of these  vehicles on risky missions. One of the technical challenges of this project was to modify these floats in such a way that they could sample particulate matter under icebergs. Combing sediment traps with drifter floats has been done before in the open ocean (Valdes, Price). A X float was outfitted with 4 sediment traps and deployed in the Eastern Atlantic. This previous work illustrated that this method could yield results; the remaining challenge was to use the drifting sediment traps to sample beneath a moving target.

2. 
2.2 LST 
mechanical System

The SOLO float is encased in an anodized aluminum cylinder,110 cm long and ? cm in external diameter, with a hemispherical top endcap (Davis et al., 2001; Fig. ?). The batteries, air valve, pumps, and ball-screw driven piston are mounted on an internal frame centered on top of a delrin sleeve. The oil-filled rubber bladder, located at the bottom of the internal chasis, is protected inside the sleeve. During assembly the internal chassis slides into the cylindrical body and a facial o-ring provides a seal. The SOLO controller board set is mounted onto a snap ring at the top of the cylindrical housing. The electronics for the CTD (Seabird, PN) are housed in the top end cap. 

The SOLO float uses two separate means of adjusting the vehicle buoyancy: an oil-filled bladder system, and an external air bladder (Davis et al., 2001). The former is used for the majority of the ballasting during the mission, while the air bladder is used only when the vehicle resurfaces to provide extra lift to keep the antennae as high off the water as possible.

   The ball screw actuated piston pushes oil in and out of an expandable rubber bladder located outside the pressure housing. As more oil is pushed into the bladder an air gap is created inside the pressure housing making the vehicle more buoyant. Reversing the process results in the void being filled with oil and thus the vehicle becomes heavier. In a typical application, at the commencement of a mission, the piston is retracted drawing oil into the housing from the bladder, thus making the vehicle heavy and minimizing the time it takes to sink to depth. Once at depth the floats adjust the buoyancy to become neutrally buoyant and the float drifts with the current, which is where the name Lagrangian comes from. The term Lagrangian refers to an object moving along the same velocity vector as the field surrounding it. After a preset interval the buoyancy engine pumps oil into the bladder as it prepares to resurface. At the surface a secondary buoyancy system is also activated. This consists of a rubber bladder surrounding the vehicle, positioned below the top endcap, that gets pumped full of air. Check valves are control the release of the air from the bladder. 


In addition to the buoyancy control systems built in the SOLO float, we added two separate weight releases. Because our deployment plan consisted of deploying the float in the path of a drifting iceberg, it was important to have the vehicle sink very quickly to the target depth. To achieve this a X kg descent weight was added to each float. With the addition of the descent weight the vehicles could reach 600m within 5 minutes. The descent weight was attached to the bottom of the vehicle with a piece of fishing line (?). The line was fed through a pressure-activated guillotine, which was calibrated to cut the line at 500m. An ascent weight was also added to the system to increase the speed by which the vehicle resurfaced. The ascent weight was released by a burnwire as described in the electronics section below. 

The four sediment-collecting funnels are mounted on a frame that encircles the upper portion of the Solo float and attaches with two Delrin clamps. The attaching rings were placed above and below the air bladder, to eliminate any restrictions of the bladder filling. Each plastic funnels had a mouth diameter of 31.7 cm with a total collection surface area of 0.32 m2 with four funnels The exit diameter of each funnel is X cm. Each funnel is rigidly mounted on a block of PLASTIC. The block is designed to allow the 125 mL sample cups to move between three positions relative to the funnel opening. Each cup screws into a carriage that rides through a track inside the block between positions. The first and last positions are both “closed” positions, where the sample cup is covered and seawater flushes freely through the funnel (Figure). The carriage begins the mission at the far left of the track, held in position by a loaded spring attached to a burnwire. Two burnwires are used to control the position of the cups relative to the sediment trap openings. When the first burnwire fires, the cups shift from a closed position (to the left of center), to an open position centered under the base of the funnel. This is where the cup will reside during the collection phase. When the second burnwire is fired, the cups shift from the open position, to a closed position (to the right of center). Thus the sample should not be contaminated by particulate collected during the ascent. 
Some method of mechanical actuation was required to move the cup position relative to the opening of the funnel. Additionally, the ascent weight needed to be released when it was time for the vehicle to resurface. Burnwires were chosen for this purpose, as they were the simplest and cheapest actuators available. The home-made burnwires were simple nylon coated fishing line (diameter) crimped to the conductor wire of a rubber-molded wet cable (RMA-MP1, Impulse). The crimp was then coated with liquid electrical tape, and self-amalgamating tape to keep water out. Finally a small portion of the insulation on the line was removed with a razor, providing a small area that will corrode when activated. Three burnwires are used in the system. The third burnwire is used to release the ascent weight when the vehicle is ready to return to the surface. 

2.3 LST electrical system

The payload on the Lagrangian sediment trap consisted of electronics designed communicate with the surface ship, to control burnwire actuators, and to detect the presence of ice above the float. Already contained in the chassis of the float was a SOLO controller board, which handled the control of the buoyancy engines, recording of the CTD, and communication through the Argos satellite link. To keep the system simple there was no additional computer added beyond the SOLO float controller. The SOLO float controller operated independently to the electronics added to the unit, with the original software provided by Scripps. Because the payload was so limited it was important to find components that could satisfy multiple functions. The two components used were an acoustic modem (ATM-885-4G, Teledyne Benthos, Inc.) and a serial data logger (Databridge, Accumen). The acoustic modem fulfilled our requirement of satisfying multiple functions. It provided the following: communication and ranging to the surface ship, upward acoustic detection of an iceberg, electronic circuits to activate the burnwire. The modem can receive commands from a serial port input or signals received acoustically. The serial data logger had the ability to log any data coming through the serial stream to compact flash, but equally important it could transmit commands serially to the modem on a periodic interval. After a command is sent to the modem, the datalogger listens and records the response. The serial data logger generated the following commands directed to the modem: fire burnwire 1-3, ping at 9 kHz, change operating mode. 

2.3.1 Upward looking sonar

One of the design goals for this project was to build a system that could detect the presence of an iceberg above it. The actual depth of the icebergs below the surface was unknown. Using an educated guess the float was designed to sink to 600m, a depth felt to be well under the deepest iceberg. The first expectation for the acoustic system was that it could detect the sea air interface 600m above. It was our expectation that the ice would provide a stronger acoustic reflection than the sea surface. However, evaluating how well this system would detect the presence of an iceberg above the float was one of the aspects of the system that could not be tested prior to deploying in the Antarctic.

The Benthos acoustic modem was already designed to operate in transpond mode. In this mode a tone burst is transmitted at a set frequency, then after a block out interval, the modem listens for acoustic returns. The listening period was set at 2 sec, long enough to hear a reflection from 1500 m away from the drifter. The tone burst was transmitted every 5 minutes. During our first deployment (IB03-27) the transponder frequency was set at 12 kHz. The initial results were difficult to interpret so the frequency was changed to 9kHz, which was used for the rest of the deployments. We did not have an opportunity to optimize this system, and overall our results were encouraging but left room for improvement. 

The additional electrical components, the acoustic modem board set, the custom burnwire board, and the serial datalogger were mounted to the internal chassis frame. Additional space was made available by the removal of battery packs from the SOLO float. Since our missions were only several days long, there was no need to carry the typical battery capacity of the floats, which can be deployed for months at a time. 
2.4 Test drones for LST

Due to the high-risk nature of these deployments, a low-cost drone unit was created to initially test our deployment scenario without the risk of losing the more costly LST. The Drone was a simple Aluminum tube with an endcap on one end. The drone was ballasted to be neutrally buoyant at 600m, the target depth of the LST deployment. Similar to the LST, a guillotine weight release system was used to drop the descent weight. The ascent weight was released by a magnesium release that corroded in seawater after approximately 24 hour. Since releases that rely on corrosion, they vary greatly in the elapsed time it takes to break. For this reason magnesium releases were not appropriate for the LSTs, for which an early release could mean getting stuck under the iceberg. However, for the drones this type of release was acceptable. Finally, the drones had a RF beacon installed to help locate them during recovery. One of the drones was deployed on the first Iceberg expedition in 2008. The drone’s safe journey beneath a small drifting iceberg, increased our confidence to deploy our first LST. The drone even survived surfacing in the pack ice, which had rapidly approached during it’s 24-hour mission. This experience served as a good reminder of how quickly the landscape can change over the duration of a short deployment.
2.5 Field testing


One of the challenges of adding payload to the SOLO float is to ballast the modified system correctly. The variable buoyancy system can only change the vehicle by X kg. To correctly determine the ballast for each float, each LST was individually deployed on test dives from the RV Point Lobos in the Monterey Bay. The LST was released from the ship then sank freely to 600m. After the LST was deployed, a science-class ROV, Ventana, was deployed in the same area. Prior to the mission, bolts of various weights were secured on the front porch of the ROV with tie wraps. Once the ROV found the LST at it’s target drift depth (600m), the float behavior was briefly observed. The floats were ballasted slightly buoyant prior to deployment. Using the ROV manipulator, bolts were placed into the closed sediment collection cones. In this fashion, the vehicle was made incrementally made heavier until it was neutrally buoyant. The number and weight of the bolts was recorded and used from that point on as the ballast for that LST.


During our deployment the acoustics were also tested, but due to the large amount of noise caused by the nearby ROV, it was impossible to glean much from these tests.

2.51Proposed 
mission scenario


Prior to arriving in the Antarctic a mission scenario was conceived that started by using radar to track a target iceberg and determine it’s current path. After the current trajectory of the iceberg was known, the LST would be deployed from the ship in the iceberg’s path. The LST is designed to quickly sink to the target depth with the help of a descent weight. Once at the target depth of 600m the LST will drift with the currents for a fixed interval of time. The interval is chosen to allow sufficient time for the iceberg to pass above the LST. If it is possible to determine from observations that the iceberg has cleared the LST, the float will be commanded acoustically to drop it’s ascent weight and return to the surface. On the surface the SOLO float controller will activate the ARGOS satellite transmitter that sends out a message every 45 second. When one of the appropriate satellites pass above the float, the signal will be received and an ARGOS email with the latitude and longitude of the float will be generated. Using these coordinates the float can be located on the surface and recovered.


In practice, many of these steps were difficult to execute smoothly. The first and most obvious problem is trying to predict the behavior of an iceberg. The motion of icebergs is very chaotic. In one instance an LST was placed in the path of a small iceberg, whose course had been tracked for hours. Immediately after the floats deployment the iceberg stopped in it’s tracks and began to move in the opposite direction, essentially stopped drifting in the direction of its previous course and began to drift in the complete opposite direction. The second unknown was how long to program the vehicle to drift. It is obviously not possible to estimate where an iceberg will be in a few hours, much less a few days. It was clear that if the LST began its ascent with the iceberg overhead that it would be lost. In the end we decided on a period of 3.5 days for our deployments around the large iceberg C18A. This seemed like more than adequate time for the iceberg to drift past the float, and ultimately it turned out to be true.



3. Results

3.1 Iceberg deployments 

The LSTs were deployed in the NW Weddell Sea and Scotia Seas during two cruises, one in June 2008 and a second in March/April 2009. Only one LST was deployed on the 2008 expedition in the Scotia Sea. All indications were that the vehicle acted as expected: sinking, drifting, and resurfacing at the correct intervals. Unfortunately, the vehicle was damaged during a failed recovery effort and while pieces were sighted near the vessel the float was not seen or heard from (acoustically, ARGOS, or RF) again. The Spring 2009 cruise was far more successful. We deployed and recovered 3 different floats for a total of 5 deployments (Table 1). The first deployment was a very brief test of the float lasting only 6 hours. It was deployed in the path of a very small berg (right word). The sonar did not pick up any returns from the iceberg during this period.
Summary of deployments

Table- duration, drift distance, 

	Event Number
	LST float
	Duration
	Drift Distance
	Under Iceberg
	Notes

	IB03-027
	2745
	0.2 days
	
	Probably not
	Test

	IB03-043
	2745
	2.9 days
	7.8 km
	Yes
	Under C18A

	IB03-095
	2745
	3.8 days
	32.4 km
	Yes
	Under C18A

	IB03-096
	2833
	3.5 days
	40.6 km
	No
	Near Control

	IB03-142
	2844
	3.7 days
	15.7 km
	No 
	Far Control


The float profile itself was highly reliable. Using a descent weight (X lbs) attached to a pressure-activated guillotine, the float was able to reach 500m in fewer than 5 min (fix). Using its own buoyancy engine, the LST reach 600 m in a couple hours. Once at the target depth, the SOLO float held depth with remarkable accuracy. The ascent of the vehicle was only triggered once acoustically, every other deployment it was triggered internally by a watchdog timer. The ascent of the vehicle from 600 m took approximately 90 minutes.

3.2 Acoustic detection of iceberg above LST
Figure X. shows the acoustic returns recorded during two missions. In the figure each return is plotted as a circle whose y-coordinate is the distance between the float and the target. The diameter of which is proportionate to the strength of the signal. The distance to the target of each return is calculated using the elapsed time between the transmit and the return multiplied by the speed of sound though water. The left panel is data from event IB03-095, during which LST ? was deployed 10 nm from the C18A. The sonar returns indicate that the float was never underneath an iceberg as the bulk of the returns hover around 600m, the depth of the vehicle recorded by the SOLO float depth sensor during the drift phase. A scattering of returns are also available during the descent and ascent phases.

The right panel of Figure X is data recorded from event IB03-043 when LST 1 was deployed for 2.9 days in the path of C18A. In this plot it appears that the float was beneath the iceberg for 30 hours of it’s mission, starting 5 hours into the deployment. The majority of the sonar returns are generated from a target approximately 450 meters away from the float. The SOLO depth record indicates that the float was drifting at a depth of 600m during this time.  During this expedition, the depth of C18A below the surface was observed during three ROV dives to be 138 m, 185m, and 190 m. There are two anomalies with this data set; the first is that we hear no returns from the surface when we are not under the iceberg. The second is that there seems to be considerable random hits from about 100m above the float. Unfortunately, there is no obvious explanation for either. One observation is that the battery pack voltage effects the modem transmit power. The SOLO battery packs are 15.4V fresh, which is on the low side of the input range for the modem. The modem compensates for low input voltage by reducing transmission power. That being said, there is no indication from our measurements prior to deployment that the battery packs for the two deployments presented were significantly different. 

The electrical system was designed to work with the existing SOLO float +15V battery packs which is on the low-range for the modem. It is possible that running the modem off of a higher voltage would yield increase transmit power.

Reference to biological and chemical

Challenges

i. Iridium/GPS

Another unanticipated difficulty was finding the float once it had surfaced. Several factors combined to make this challenging. The expectation was that when the flat reached the surface and began transmitting to the ARGOS system, a email with the GPS coordinates would be received shortly and it would be easy to locate the float with the ship.

 The first complicating issue was that there were far fewer passes of satellites than naively anticipated. Sometimes the passes could be hours apart. Complicating matters further was the fact that email was only received three times a day. Ultimately one of our colleagues not on the cruise, but with immediate access to email, would call from the California and give us the GPS information. The difficulty receiving transmissions may have been in part due to the position of the float in the water. The SOLO float air bladder was not full upon recovery. This air bladder provides extra buoyancy to get the antennae as high as possible. Since these deployments Scripps has discovered some defective air valves, which may explain the problem. 

Although we also had a radio beacon on the floats, with an expected range of X miles, in reality we only heard the radio signal within X miles of the floats. There was no on-board instrumentation to measure the currents as deep as 600m, so only the surface currents could be used as an indicator of the direction that the floats drifted. This turned out to be a very inaccurate indicator, often sending the ship in the opposite heading of where the float was.

ii. modem 

In general, while we were able to range to the LST immediately after it was deployed, it was not possible to make an acoustic link with the float upon returning to the area between one and three days after the drop. In many cases, this was probably due to the fact that the float had drifted much further than thought. It is also possible that noise from the icebreaker itself made acoustic communication difficult.

4. Discussion

Improvements 

Make table of characteristics of LST compared to the tow other neutrially buoyant sediment traps (Valdes and Price, 2000; Lampitt et al., 2008
 first mission was a test mission during which we deployed the LST under a small iceberg (approximately X miles in length). The vehicle was only under the water for four hours during which the iceberg passed above it. 

