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Abstract

We have explored the design, fabrication and field testing of a prototype Free Ocean CO2 Enrichment (FOCE) system for carrying out controlled CO2 perturbation experiments on the sea floor. The tested concept was to create a ring of emitters of acidified local sea water, with control valves opening and closing segments of the ring based upon velocity data so that the upstream side was continuously activated. The passage of the acidified plume through the experimental ring was detected by an array of pH sensors, which provided feedback to the pumped acidified flow so as to maintain a constant (pH under varying velocity conditions. The concept is for a long-term system to be powered and supplied by a cable and pipe system from shore; the short-term field test was carried out by ROV deployment in 300m water depth. Electrical power was supplied by the ROV, but the acid/flow control system, once initialized, operated autonomously. Feed-back to control a set (pH was successfully demonstrated. The primary problems encountered were the short residence times in the control volume during high velocity events, and the pH lag created by the slow CO2 system reaction kinetics. By solving the CO2 kinetic equations for the local conditions (T, pH) an equilibration time can be set, and simple actively baffled flow controls can be designed to meet this design goal. 
1. Introduction 
With growing concern over the biogeochemical impacts of ocean acidification from rising levels of atmospheric CO2 (Kita and Ohsumi, 2004; Portner et al., 2004; Cicerone et al., 2004) there is a need for improved experimental techniques capable of simulating in natural oceanic systems the anticipated pH-TCO2 of the late 21st century ocean so that reasonable predictions can be made. For terrestrial systems the FACE (Free Air CO2 Enrichment) technologies are widely used to simulate the effects of elevated CO2 levels on forests (DeLucia et al., 1999), shrubs, and grasslands (Shaw et al., 2002), but no such system yet exists for carrying out similar controlled ocean CO2 perturbation experiments. There is little wonder as to why: the problem is hard. CO2 has no chemical reactivity in air, so that local mixing of the gases is all that is required. The concentration of CO2 in air is low; electrical power, computer control, CO2 supply and sensing, and even permitting, are all easily accomplished for land based experiments. It is for these reasons, coupled with a desire to show that elevated CO2 levels may be beneficial to primary productivity, that many FACE experiments have been carried out world-wide. 
The history of land CO2 enrichment experiments gives cause for concern over reliance on contained systems (such as an aquarium in the aquatic world). Early work on enclosed land systems, such as in greenhouses, showed that elevated CO2 levels had a significant positive effect on plant growth. But with the widespread use of free-air techniques that view is being challenged and it is possible that the positive effects may have been overstated by ~50% (Long et al., 2006; Schimel, 2006). Are there similar artifacts in contained and restricted oceanic elevated CO2 experiments?
In the ocean there are great difficulties in uncovering any such effects. CO2 has a complex chemistry in sea water, with relatively slow reaction rates for the critical hydration step (Zeebe et al., 1999; Zeebe and Wolf-Gladrow, 2001). The concentration of TCO2 in sea water is over 2mM, and the ocean holds some fifty times the quantity of CO2 that is in the atmosphere. Deployment of shore-cabled powered instruments is rare, environmental permitting problems are real, there are few reliable sensors, and physical forces are large. Moreover there is a widespread belief that elevated CO2 levels may be harmful to the ocean environment, and thus there has been a reluctance to find out – who wants to hear bad news?
Nonetheless there have now been a number of successful experiments designed to illuminate the conditions of the future high CO2 ocean. Effects of elevated CO2 levels on phytoplankton growth have been studied in a careful set of mesocosm experiments carried out in a Norwegian fjord (Zondervan et al., 2001; Delille et al., 2005). The impacts of elevated CO2 levels on deep-sea benthos have been studied as part of an evaluation of deep-sea CO2 sequestration (Barry et al., 2004), and also on pelagic copepods (Watanabe et al., 2006).
With one exception the experiments listed above all contain the biological systems so that exposure to elevated CO2 can be easily controlled; thus animals can not “vote with their feet” and move into and out of the experimental area as they respond to the induced change. In some contained experiments animal respiration drives down O2 levels at the same time as the CO2 levels are increased, thus providing an additional stress. Use of an open system, such as that reported in Barry et al. (2004) resulted in a strongly oscillating CO2 plume, so that diagnosis of effects was exceptionally difficult. This arose from early work on deep-sea CO2 sequestration by Brewer et al. (1999) in which a small quantity of liquid CO2 was dispensed on the sea floor and questions arose as to the biological impact on the surrounding area. The diurnal changes in the tidal vector result in the oscillating sweep of the resulting plume around the single central source so that animals within the exposure zone experience a strongly varying pH field.
Land CO2 enrichment experiments are designed so that the experimental zone is contained within a circular array of emitters, and changes in wind velocity are compensated for by opening and closing valves on the periphery so that CO2 release always occurs on the upstream sector. This allows for accurate control, and, while the primary purpose is to investigate the effects on fixed stands of vegetation, the open structure permits migration in and out of the experimental area.
The very different ocean ecosystems present a greater challenge. The vast majority of ocean primary productivity is in the form of phytoplankton with doubling times of a few days, and these effects are now studied in contained mesocosm experiments. For systems such as warm and cold water coral reefs or for benthic populations in general, containment with a tank or mesocosm (Langdon et al., 2000) has been the method of choice. This allows for easier CO2 system control, but does not permit migration into and out of the system as animals react to the changing environmental conditions.
In air experiments are universally carried out by direct gaseous CO2 addition. In sea water systems acid addition is often used to drive a lower pH solution because of the ease of use of this technique. This generates elevated solution pCO2, and lowers pH, and obviates the need for complex gas handling; but it does not create elevated TCO2 levels. Techniques for controlled enrichment of sea water with CO2 in situ have been successfully demonstrated (Dunk et al., 2005) and are being actively developed, but acid addition is commonly accepted as a useful first diagnostic step in the development of technique.

Here we describe the design, development, and first field deployment of a prototype system using controlled acid release designed to explore whether experiments similar to the FACE system on land are feasible in the ocean. The design goal is to achieve control of a (pH in the range of 0.3 – 0.7 pH units, thus approximating changes in ocean chemistry that are widely predicted to occur over the next few centuries. The system described here is an inexpensive prototype with many functions tested at the early design stage to explore where critical challenges lie for next stage development. Extension to controlled release of CO2 enriched sea water is planned for the near future.
2. Methods


The only practical sensor for rapid detection of sea water CO2 status, and for in situ deployment, at this time is the pH electrode. There are several concerns here, such as the use of the most appropriate pH scale, and tendencies to drift over long observing periods. Nonetheless the use of a ring of pH electrodes (Seabird Electronics, Inc., SBE 18) surrounding the control volume was chosen as the primary means for providing experimental feedback and control.

The FOCE prototype design consisted of a series of subsystem components: Frame, Directional Control Valve, Fluid mixing and Distribution, Control System hardware and software, and pH detection and feedback, each of which is itself a novel prototype system schedule for design and testing evolution. 
a. System Design
All system components, and the final assembly, were tested in the MBARI 10m tank prior to field deployment.
Frame design. The basic concept of a circular array of emitters used in FACE experiments was kept (Figure 1). Several forms of nozzles and diffusers were tested to provide the broad and uniform release of fluid. The best emitter performance was obtained from porous soaker hose material, commonly used in garden irrigation systems. The design goal recognized the trade off between relatively large size, thus exposing a significant area to the perturbation to gain knowledge of a broader ecosystem response; and smaller size thus permitting ease of access by the ROV manipulator so that samples could be obtained within the control volume. The selected design consisted of two concentric rings, 0.5 m high, set 0.5 m apart. The inner ring (1 meter diameter) supported eight pH electrodes, mounted vertically. The outer ring (2 m diameter) supported the 40 fluid emitter hoses arranged in eight sectors and set vertically around the perimeter. The frame is a simple 6061 aluminum weldment with cross wire bracing. 
Directional control valve. The optimum design would feature independently controllable solenoid valves for activating each sector for flow as desired based upon sensing of local velocities. Time and budget constraints forced a simpler system for prototype testing. For this we used a simple mechanical weather vane for passive current detection. This turned a valve outer rotor made from PEEK polymer that opened and closed ports on the inner stator as it moved in response to flow. The vane turned in currents as low as 5 cm/sec and directs flow to two adjacent sectors from a total of eight ports on the stator assembly. The vane was of about 1600 cm2 area, and was constructed to be of near zero buoyancy when deployed. The port seals were challenging to make and several iterations of the assembly were required to minimize friction, and maximize shut off.
Fluid Mixing and Distribution. For long term deployments delivery of the CO2, or acid, for pH control would have to be via a small bore pipe alongside the power/data cable. For these short term experiments we prepared HCl acidified sea water contained in eight collapsible polymer 20 liter cubitainers (160 liters acid available per deployment), supported in milk crates, and mounted in a ring atop the prototype frame. The containers were plumbed in series to a single input in the central control valve unit so that fluid draw down could occur from all containers and was not directionally dependent. The selection of the valve port for emitting fluid was controlled by the central vane. The rate at which fluid was emitted was under active control. Two peristaltic pumps were used; one delivered acid to a mixing chamber, the second drew in local sea water. A Hall effect turbine flow rate sensor was placed in-line between each pump and the mixing chamber, and the data from these sensors provided feed-back for control of the acid-seawater ratio that was emitted. By this means we had far greater control over the acidity of the emitted fluid.
Control System. The information from the pH electrode ring was fed into a central control unit mounted on the frame. Due to time and budget constraints only the electrodes supported in the center of the control volume were actively used for feedback and control in this prototype version; the electrodes on the outer ring were passively logged by a Seabird CTD, and data downloaded after the experiment. The controller presents data to the user via graphical user interface (GUI) created in LabVIEWTM. The pH data were assimilated with a box car filter of fist in first out values so as to smooth the data for presentation. The GUI allows the user to set the essential experimental boundaries such as required (pH, and the initial sea water-acid mixing ratio. pH electrodes are then normalized to equal values to compensate for any offsets occurring during deployment. The (pH is fit to a preset function that non-linearly adjusts the acid mixing rates as the observed (pH varies further from the desired value. The resultant value is used to inversely adjust the sea water pump rate, thus maintaining a constant overall fluid flow through the valve assembly. The implemented model takes the inevitable latency of the system into account; typically the system overshoots initially, driving a higher than required (pH, and then compensates by steadily bringing the system back to the desired value. As local velocities change the pumping rates change, and the sequence of events towards stabilization occurs.
pH electrode Calibration and Deployment. A combination of nine pH electrodes was used for system control. Three were deployed in the center of the ring for real time experimental control, and six were placed around the periphery for later data download. Each electrode was calibrated in the laboratory before and after deployment. From these calibrations a slope and offset was determined and applied via the GUI to each of the three central units. Post experimental data processing was used for the outer electrodes. It has been our experience that the primary problems arise from liquid junction effects in the reference electrodes during the large temperature and pressure changes taking place during initial deployment. Once the system has stabilized the electrodes return to their normal values. It has not yet been possible to carry out precise calibrations in situ.
b. System Deployment

Deployment and ROV powered operation. The FOCE concept is for longer term deployment with power, control, and data return from a shore cable. While cabled observatory science is much discussed no cabled access is yet available to us, and thus for the initial test we used ROV control. The initial field test was carried out on April 12th and 13th, 2005 in Monterey Bay. For this test we allowed the entire unit to free fall from the ship in 240m water depth. ROV deployment followed, and the FOCE frame was located sitting upright on a firm smooth sea floor. The power/communication cable attached to the frame was accessed by the ROV manipulator, and mated to the vehicle by a 5 pin ODITM wet mate underwater connector. The vehicle then served as a shore power/data cable simulator. This permitted direct visual observation of the system at work. Blue dye incorporated in the acid could be seen as it was ported to the soaker hose emitter segments and released. The vane movement in response to changes in current direction could be observed. The GUI display in the vehicle control room was used to initiate the experiment and set the initial acid flow conditions. However once an experimental sequence was begun the controller was allowed to run and attempt the feedback necessary to control the required (pH automatically.
3. Results

The data system available in real time during the field work only permitted viewing of the data stream from the three central electrodes; data from the electrodes on the perimeter was accessed after the cruise. Various experimental strategies were tried under different flow conditions to assess the functioning of the system.

4. Discussion

The results show that although the basic concept worked well – that is that acidified sea water can be directionally released through a ring of diffusers at controlled rates, that the signals can be sensed by an array of pH electrodes, and that a control algorithm can be successfully designed and implemented to maintain active control over the system accounting for latency and varying fluid flow conditions – there were also noticeable problems. The primary problem encountered was that we achieved a less than desired (pH value, and that at high current speeds (10cm/sec or more) the effect was pronounced and control became difficult. The basic reason for this lies in the interlocked problems of short water residence time within the 2 meter diameter control volume (linear) and CO2 system reaction kinetics (non-linear).

The effect of adding a strong acid to sea water from a point source, such as in the well known alkalinity titration, is to create a cloud of low pH water at the emitter. Carbonate ion is overwhelmed, the dehydration reaction is fast, and immediately a cloud of high pCO2 water is formed (Nakayama et al., 2005). The free CO2 molecules are then transported downstream and slowly react with H2O to form HCO3- ions in the familiar sequence. The pH electrode only responds to H+, and thus does not recognize the excess free CO2 molecules that are present and have not had time to reach equilibrium. Thus the electrodes tend to underestimate the CO2 signal, even though quite high pCO2 is present in the control volume.

The reaction rates of the CO2 system in sea water are of great interest; and excellent accounts are available (Zeebe et al., 1999; Zeebe and Wolf-Gladrow, 2001). The basic rate equations are given as:
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Where the relaxation time r is given by:
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These equations describe a complex system which is temperature and pressure dependent, but is also quasi-autocatalytic. That is that the reaction proceeds faster as pH drops – this is familiar to all who have sat through many alkalinity titrations at sea. Thus in our FOCE field test the degree to which the high pCO2 cloud generated at the emitter produced a detectable pH signal downstream was strongly non-linear, and resulted in small signals at higher velocities (shorter reaction times). The flow inside the control volume is not turbulence free, and thus different parcels of water passing by the electrodes will have slightly different time histories, and thus different degrees of equilibration. This results in some spikiness of the electrode response which must be averaged to get a reasonable value.
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