PROJECT SUMMARY

Prototype Design and Testing of a Cabled Free Ocean CO2 Enrichment (FOCE) System

Intellectual Merit: The invasion rate of atmospheric fossil fuel CO2 into the surface ocean now exceeds ~1 million tons CO2/hour, and the ocean has already absorbed some 500 billion tons of CO2 since the start of the industrial era. The resulting acidification of the ocean is now well established, and a pH drop of 0.3 pH units over pre-industrial is anticipated in the second half of this century. The biogeochemical consequences of this change are now widely debated, and major reports have been issued by SCOR/IOC, the UK Royal Society, and a specially convened NSF-NOAA-USGS workshop. Over 20 years ago the terrestrial science community wrestled with a similar problem – the impact of elevated CO2 levels on land plants. It was recognized that enclosed greenhouse studies had severe limitations, and thus Free Air CO2 Enrichment (FACE) techniques were created; this technology has now been adopted world-wide. We propose to investigate taking a similar, but far more difficult, step for ocean science with the intent of making the tools developed similarly available to the ocean science community world-wide. This is consistent with MBARI’s fundamental mission of pairing scientists and engineers for the development of better procedures, systems, and methods. Such controlled perturbation techniques would be suitable for investigating the impacts on benthic communities and reef systems.

Proposed Research: In preliminary work we have developed and tested a sea-floor acid injection system, with controlled loop pH feedback to maintain a specified (pH within a 2m diameter ring. Early results showed that control was achieved, but that a major re-design was necessary. The primary problems are the slow time-to-equilibrium for CO2 system perturbations, and dealing with high velocity events. We propose to design, build, and test a CO2 enrichment system, with a delay loop before release into a control volume to solve the kinetic lag, and to design, build and test a flume system to eliminate high velocity events. Essential control software for pH and velocity feedback will be created and a version has already been tested. System components for CO2 rich water injection, pH calibration etc, are being developed and will be incorporated. 

Broader Impacts: This work has the potential to become adopted as a fundamental technique by many laboratories and nations investigating the impacts of a high CO2/lower pH ocean on benthic communities. In collaboration with NOAA colleagues we will seek to establish ground rules for necessary permits for future operation and build a community program. This is essential since the quantities of CO2 required for year-round operation will be significant, as they are for the equivalent experiments on land. The work directly uses the NSF MARS cable to provide real time power and communication through the web allowing many researchers and the public access to the on-going work. Public outreach through our web site and through the large population reached by our sister organization, the Monterey Bay Aquarium, will be established.

PROJECT DESCRIPTION

RESULTS FROM PRIOR SUPPORT

The PIs have had no prior NSF support for the last 5 years. PI Brewer was co-chair of the NSF Decadal Report “Ocean Sciences at the New Millennium.” That project was successfully completed in 2001, and the document distributed throughout the national and international ocean science community. The report drew on the requests and recommendations of hundreds of scientists. One key recommendation was the creation of a new class of perturbation experiments designed to probe the state of the future ocean. This proposal draws on that heritage, and makes energetic and creative use of the important new NSF investment in cabled observatory science for real time control, observation, and dissemination of data.
INTELLECTUAL MERIT

Introduction

The topic of ocean acidification by now needs no introduction. The oceanic invasion of fossil fuel CO2, and the resulting reduction in ocean pH, has been recognized by the ocean geochemistry community for decades. The status of the oceanic CO2 system was a fundamental part of the Geosecs program in the 1970s, the TTO program in the early 1980s, and the JGOFS program in the late 1980s-early 1990s periods. Recognition of the changing status of the carbonate dissolution depth was widespread (Andersen and Malahoff,1977), and early work on the impacts of elevated CO2 levels on calcification (Gattuso et al., 1998; Gattuso et al., 1999; Leclercq, 2000) in corals was carried out in experimental mesocosms (Langdon et al., 2002). Thus this topic is of compelling and long standing intellectual interest to a very large segment of the ocean biogeochemical community

 
But the larger scientific world paid scant attention to this issue until serious debate over fossil fuel CO2 sequestration arose, and the first deep-sea disposal experiments were proposed and executed (Brewer et al., 1999; Tamburri et al, 2000). This helped crystallize latent concerns over the possible impact of elevated CO2 levels on marine organisms and in November 2003 an international workshop on this topic was convened through the University of Kyoto and RITE (Kita and Ohsumi, 2004, and related papers). In May 2004 a major meeting held in Paris under the auspices of SCOR/IOC (Cicerone et al., 2004) reviewed the likely consequences of oceanic pH levels dropping by 0.3 pH units and more as the various energy pathways identified by the IPCC are followed, and since then reports by the Royal Society (2005) and a NSF-NOAA-USGS workshop (2006) have all reached similar conclusions. That is that the reduction in oceanic pH is largely inevitable, that the changes anticipated are large and will very likely exceed those experienced on Earth over perhaps the last 25 million years, and that some marine ecosystems may have significant difficulty in coping with this change.


Over the last few years a large number of innovative experiments have been carried out to examine these impacts. These have ranged from pCO2 controlled aquarium studies (Kurihara and Shirayama, 2004) to large scale mesocosm experiments (Zondervan et al., 2001; Riebesell, 2004; Delille et al., 2005). But all of these studies have necessarily involved manipulation of enclosed systems. There is no doubt that these are representative of specific trends – but they cannot indicate all the features of an ecosystem response; predation on weakened animals, effects of reduced calcification on animal survival,  recruitment of more CO2 tolerant species, negative effects on reproduction, migration, adaptation etc. In order to simulate this complex of effects and observe directly the changes that would occur as CO2 levels rise and complex ecosystems adjust we would have to consider the development of a form of Free Ocean CO2 Enrichment (FOCE) experiments, which may draw on the heritage of two decades of successful experimental work on land ecosystems – this is a daunting, but not impossible, task. 

There are many puzzles and unknowns; although experimental work on corals shows significant reduced calcification in tank studies, the predicted thinning of coral growth bands from the already present pH reduction of 0.1 pH has not yet been detected. There are as yet no answers to questions of adaptation, of selection of CO2 tolerant species, yet society asks such questions, and expects informed answers from our community.
CO2 enrichment experiments on land

Free Air CO2 Enrichment (FACE) methodology has for decades been the standard for investigating the impacts of elevated atmospheric CO2 levels on terrestrial ecosystems. But this was not easily accomplished, and in order to assess the challenge faced we need to look back over 20 years. At that time the terrestrial community faced a similar problem. It was widely believed that elevated atmospheric CO2 levels would have a positive effect on growth of land plants by facilitating entry of CO2 into the leaf stoma while minimizing water loss. But concerns over the validity of enclosed greenhouse experiments arose, and in 1985 a major review was held (US DoE, 1985) to evaluate which experimental techniques would yield the correct result for natural ecosystems. 

The debate was fierce; it was estimated in one paper that for a simple forest experiment release of some 383 tons CO2 per day would be required! Yet the march of technology proceeded, designs and control systems were refined, and far more efficient studies emerged. The end result was that a large international network of experiments was created, with CO2 enrichment techniques being applied at many sites around the world through the creative endeavors of a large number of scientists. These sites do require releases of the order of hundreds of tons CO2 per year and this has been accepted as a necessary cost of uncovering the truth and predicting the future. When the results were finally synthesized 20 years after the experiments were first proposed (Long et al., 2006; Schimel, 2006) a far lower CO2 fertilization effect than first anticipated was found. Enclosed, and open, experiments can thus yield quite different results. Some 20 years later the ocean sciences face the same problem.

Examples of the application of the basic FACE concept range widely. In Figure 1 we show two examples of very different scale.
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Figure 1.  Two examples of a FACE experimental system of very different scale: on the left a mini-FACE, about 1m diameter; on the right a very large array. For the oceanic systems proposed here smaller arrays offers the best route forward for development work, but the challenge of adopting a true “open” system is large.
Background preparation and testing

We have carried out preliminary field experiment to assess the feasibility of a FOCE system (Kirkwood and Brewer, 2006). 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 for design and testing evolution. 

Prototype 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 2). 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 was a simple 6061 aluminum weldment with cross wire bracing. 

Directional control valve. Time and budget constraints forced a simple system for prototype testing. 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, directing fluid to two adjacent sectors from a total of eight ports on the stator assembly. The vane was about 1600 cm2 area, and was of near zero buoyancy when deployed.
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	Figure 2. Prototype FOCE system in the MBARI test tank. The control valve is at center, the vane is on the right; the emitters are seen as vertical lines on the ring.
	Figure 3. The system deployed on the sea floor at ~600m depth. The power/data connector is mounted to the right and is about to be acquired by the ROV for connection to the control system.


Fluid Mixing and Distribution. For large volume and long term deployments delivery of the CO2 enriched sea water for pH control would have to be via a small bore pipe alongside the power/data cable. For the prototype short term experiments we used diluted HCl contained in eight 20 liter cubitainers mounted atop the frame. 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 system 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.

Control System. The information from the pH electrode ring was fed into a central control unit. Only the electrodes supported in the center of the control volume were 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 a graphical user interface (GUI) created in LabVIEWTM. The pH data were assimilated with a box car filter of first in first out values so as to smooth the data for analysis and control.
The GUI allows the user to set the essential experimental boundaries such as the required (pH, and the initial sea water-acid mixing ratio. pH electrodes are then normalized to equal values to compensate for any calibration offsets occurring during deployment. The (pH is fit to a preset function that non-linearly adjusts the acid mixing rates by the control software 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 model takes the inevitable latency of the system into account; typically the system overshoots initially, driving a lower 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. Three electrodes were deployed in the center of the prototype ring for real time experimental control. 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 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. There are several options for alternate pH and pCO2 sensors etc. for incorporation into future systems as desired by the PIs adopting the technology and as experimental goals and needs evolve.
System Deployment

The FOCE concept for longer term deployment requires power, control, and data return from a shore cable. We propose here to use the MARS cable for development; for the initial test we used ROV control. 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 (Fig. 3). The power/communication cable attached to the frame was accessed by the ROV manipulator, and mated to the vehicle, which served as a shore power/data cable simulator, permitting direct visual observation of the system at work. Blue dye could be seen emitted as the vane movement responded to changes in current direction. The GUI display in the vehicle control room was used to initiate the experiment and set the initial acid flow conditions (Fig. 4). Once an experimental sequence was begun the controller was allowed to run and control the required (pH automatically. A typical result showing pH feedback and convergence from the field test deployment is shown in Figure 5. 
The experiment above was designed to test basic engineering concepts before proposal submission, such as control algorithm development, system assembly, convergence to set values etc. It was not designed as a true enrichment experiment. The basic problem is that the residence time of the water within a truly open control volume is short, and the kinetics of the CO2-H2O reaction system are slow. Thus the perturbed volume experienced high pCO2, but the pH signal did not have time to become fully developed. This sets a fundamental design goal, which we have already experimentally tested (Peltzer et al., 2006).
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	Figure 4. Prototype GUI control panel with settings for valve control from pH sensor feedback.
	     Figure 5. pH trace showing automatic control and convergence to the set (pH value


Proposed Research

We propose to develop a basic system for the execution of long-term controlled Free Ocean CO2 Enrichment (FOCE) experiments for benthic systems to be carried out in the ocean in much the same way that similar experiments have been carried out on land. Through this we hope to provide the larger scientific community with an essential tool, which may be modified through the choice of novel sensors, and release scenarios, as advances are made. However the problem in the ocean is far harder than that on land, and will require some breakthroughs in design and execution. We review some of these problems and proposed solutions here. The essential elements are: 1) a CO2 dissolution system to create a working fluid for delivery to the site 2) a mixing chamber where the working fluid is mixed with ambient sea water to create the desired TCO2 change 3) a delay loop to allow time for equilibrium to be achieved and the pH signal to be developed 4) flooding of the experimental zone with the CO2 enriched water and feedback of the signal to the control system 5) observation of the geochemical and ecosystem changes induced.

Reaction Kinetics

CO2 has no atmospheric chemistry, and thus FACE releases simply involve mixing. In marked contrast, CO2 has complex ocean chemistry with significant reaction times to be accounted for before the pH signal of a perturbation is fully developed. This requires the building-in of a delay loop before altered sea water enters the experimental corral.

The basic rate equations are given as (Zeebe and Wolf-Gladrow, 2001):


[image: image7]
Where the relaxation time τ is given by:


[image: image8]
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.


We have experimentally tested these equations (Peltzer et al., 2006), and found them to be quite accurate. The shape of the curve is given in Figure 6, which shows the e-folding time for the pH signal to develop as a function of temperature and initial pH. A delay loop with 2-3 e-folding times is desirable. For water of 20(C and pH 8 about 1 minute would be required.

[image: image9.emf]
Figure 6. Curves from the Zeebe-Wolf Gladrow CO2 kinetic model showing e-folding times at various temperatures as a function of pH.

Delivery of a CO2 rich working fluid

The prototype system mentioned above used HCl addition for simplicity; it is desirable to use CO2 to force the experimental pH-TCO2 change. We have investigated ways to deliver pure CO2 directly to the site and dissolve this in local sea water to provide the working fluid (Dunk et al. 2005), but delivery of a pure CO2 stream is fraught with difficulty. Instead we propose to saturate local sea water in a land based reservoir (under slight positive pressure) and pipe that fluid to the control sites. For the development work here we will use ROV deployment to attach to the MARS cable, and carry down the working fluid.
Scaling the problem

If we take the basic unit as the amount of CO2 added to change the pH of 1 kg of sea water by 0.5 pH units then we have:

1) For a typical surface sample (S= 35, T=22(C, TA = 2300, Initial pH = 8.1) then to achieve a (pH of 0.5 we need ~236 (mol CO2. 

2) For a typical deep-water sample (S=34, T=4(C, TA=2400, Initial pH = 7.6) then to achieve a (pH of 0.5 we need ~184 (mol TCO2.

Thus for a useful approximation we will need to deliver ~200 (mol CO2 per kg to achieve a 0.5 (pH goal. 

Choice of a control volume design

The kinetic problem is fundamental; if we mix two parcels of sea water at equilibrium it will take time for the new state to be established. We need to flood the control volume with pre-equilibrated sea water to create the desired lowering of pH.

For a true open system 

A corral of 2m diameter and 1m high contains 3,140 liters volume. Thus to perturb the pH of this system by 0.5 pH units we need 628 mmols CO2. If the water velocity is 1 cm/sec then the residence time of water within the 2m diameter corral is 3.33 minutes and we will need to supply CO2 at a rate of 188 mmols/minute. We should design for higher flow rates, say up to 4 cm/sec, thus these numbers could be ~ 752 mmols/minute.

For a typical sea floor experiment we would likely have more than one corral, and so these numbers could expand by perhaps a factor of 4 to about 200kg/day (about 73 metric tons per year for the 4cm/sec scenario). This is large by oceanic standards, but small for terrestrial (FACE) releases that have reached 1000 tons/year.

For a small flume

The calculations above show that smaller systems would be desirable for development purposes, and the kinetic lag dictates that the experimental zone be flooded with pre-equilibrated sea water. We propose to initiate work with a small controlled flume with an open top and controlled flow. A concept design is shown here (Fig. 7), with a series of baffles to induce mixing. In some ways this resembles a pre-FACE design concept (Fig. 8, DoE, 1985). We have experience with successful operation of a small sea floor flume (Brewer et al, 2005). For a flume of 50cm x 50cm cross section, and mean flow rate of 10 cm/sec then for a 0.3 pH drop we would need to dispense about 9.2 kg CO2/day. This is a reasonable quantity for initiation of work, and for securing permits. The flow rate need not be steady, and can be controlled and varied as desired.
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	Figure 7.  Concept design of a baffled sea floor flume unit, 50 cm x 50 cm cross section. Not shown here are the pH/pCO2 sensors and cabling.


	Figure 8. Early concept of a terrestrial CO2 enrichment system (DoE, 1985). The choice of forced flow to begin work here has a strong similarity.


Preparation of a working fluid.

As a rough approximation we have in typical waters a solubility of ~ 0.25 mol CO2/liter depending on temperature. We need to add ~ 200 (mol CO2 per liter for a (pH of 0.5, and thus we would need to dilute the water within our corral by about 1 part in 1,250 if we were able to saturate fluid under 10 atm pressure on land. Since this is a very small dilution we could take near surface sea water, equilibrate it on land with a pure CO2 atmosphere (temperature regulated, and under modest pressure would help) and deliver CO2 enriched seawater to depth as the working fluid and design for a 1% addition to sea water at the site.

Calibration and Sensor Drift

We have used Seabird pH electrodes for the prototype design. These are easily available, have fast response, and are reliably adapted to in situ work. In practice there are many new pH sensors available from small companies and research labs, and the proposed system will be easily adaptable to these. For the development phase we propose simply to pair the pH electrodes with Sunburst sensors SAMI pCO2 system which shows very low drift, but has slow response rate, as a check on system drift and to monitor pH/pCO2 departures from equilibrium. A pH version of the SAMI sensor is very close to final development (M. Degrandpre, personal communication).

Control Algorithm

FOCE is controlled using a very simple design concept (Fig. 9). Due to long time delays in the system things are slowed down by using box car filters and sampling at fairly low rates. This is beneficial since the pH sensors are sensitive and prone to looking noisy as fluid runs past the electrodes. The filtering also uses a simple set of bounds based on the capability of the system to adjust pH. These values are set in the graphical user interface (GUI). The ratio of sea water to acid mixing is based on the estimated current. The delta pH from the set point is then fit to a common curve. A percentage scalar is then determined and used to adjust the acid to sea water pumps ratio in an inverse manner.   
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Figure 9: FOCE Control Response Design

Most system parameters can be adjusted on the GUI. A system diagram shows the component and values the user can adjust, Fig. 4. The control software and diagrams were created in LabVIEW™. Using this approach the software was quickly constructed and lab bench tested. Key to the system is the ability to set the pH value desired. Using the aforementioned average of the central pH probes the system homes in on the value selected. The real time graph shows the filtered values of the three pH sensors being incorporated in the control loop. The two pumps can be readily seen and the operative ratios are settable from this page.  The relative adjust of these parameters is adjusted by the estimated current input, or feed forward estimates for system delay and mix ratio of HCl to sea water. The next page is the real time display of the pH probes and the resultant output of the system. The individual lines are the output from the pH probes. Also displayed is the averaged value of the pH probes and the estimated average value of pH for the control volume (Fig. 5). The graph in Fig. 5 shows a step response to an HCl input through the control volume. The analog gauge representations (Fig. 4) show the real time output values of the HCl and Sea Water pumps. Above them are red bar graphs which give the ratio in percent. Figure 4 shows one pump at 100 percent while the other is at 0 %. The data is collected at the selected frequency of the operator; this is independent of the filter sample frequency. The system time is matched with the network clock used for the other instrumentation on the ROV. This assists with the data and technical analysis of the experiment later. 

Choice of experimental site

For the purposes of technical development of the system the only requirements are a reasonably flat site below wave forcing, and accessible by cable/pipe from shore. However MBARI exists in the midst of the Monterey Bay National Marine Sanctuary, and permits for experiments must be negotiated with NOAA Sanctuary staff. We have initiated this process; at a significant meeting of regional experts held March 20, 2007 at MBARI this matter was discussed and a positive working relationship was established. For development purposes relatively short term (less discharge) is indicated and this will help build the case for longer tem deployments in the future. We propose to use MBARI’s ROV Ventana for deployment, assembly, and connection to the MARS cable. The MARS cable science node is at 900m depth, and we have requested a site about 2km to the NE of the node; this area will be surveyed in August 2007 and background pH and velocity data obtained.
[image: image1.emf]Figure 10: Assembled FOCE Concept Drawing using a cabled observatory - a 4-component flume is sketched, a single channel would suffice for many purposes.

For future scientific output experimental access to calcifying systems will be an early target. At a meeting of the newly formed ICES Working Group on impacts of changing ocean pH (London, May, 2007) shallow water coralline algae sites were identified, as were cold water reef sites, as prime targets for the future. The Pacific Science Association has established a task force on ocean acidification and at the recent 21st Pacific Science Congress a presentation on this system drew several requests for availability of a system to deploy at coral reef sites. A newly established ICES working group on this topic has met and recommended active experiments on cold water reef systems. Thus we are sure that a significant scientific demand for the creation of these techniques exists.

Proposed Timeline

We propose that Year 1 be devoted to mechanical design, software architecture, specification, procurement, and testing of system components, including sensors, cabling and control software; permits for the experiments will also be obtained. Negotiation with local NOAA officials over permitting has already begun in a cordial manner. Year 2 will see software integration, first short-term field tests of an assembled system at a reasonably flat site, with data logging and feedback from sensors for active control, and connection to the MARS cable installed in Monterey Bay. MBARI’s ROV techniques for delivery and assembly on the sea floor are well suited to this and were established for the prototype unit; capability  for diver installation will be considered for the final assembly since many external user groups will have that as their method of choice. Once a working system has been designed we will invite a team of local and NOAA experts to evaluate the system and discuss next development steps. Year 3 will see completion of the design and final fabrication and testing of a working system, and publication of all details so that the system and lessons learned can be replicated. We cannot yet promise installation of a long-term piped supply of the working fluid for multi-week or greater deployment. We can establish the design, specification, permitting, and cost criteria. The focus of this proposal is development, and the details of cable/pipe deployment, the permitting etc. will vary with local conditions and regulations as do sites on land.

Broader Impacts

The broader impacts of this work are many. There does not now exist a way to carry out controlled perturbation experiments in the ocean to investigate the impacts of elevated CO2 -lower pH levels. The successful development of this technology could provide a working method that could be adopted and modified by research groups around the world. Our survey of the field has shown great interest in this. All system specifications will be open, as will the control software code. There is great policy interest at high levels of government on the impacts of high CO2 levels, in the health of the ocean, and in its living resources.

Budget Justification

The budget presented here is bare bones. Salary support for the PIs will be carried by MBARI as a large cost contribution. The costs here are primarily for the essential hardware, and for fabrication of components. We request 4 days of ROV Ventana time for deployment and testing of the FOCE system in each of the project years from NSF support. MBARI will supply an additional 4 days for 8 experimental days per year. There is a standard connection fee for accessing the MARS cable now being negotiated; we have budgeted for 3 connect months per year at $1,000 per month. Essential machine shop and technical support are requested. The cable costs are internal to the FOCE system only; the ~ 1km MARS cable node connection cable costs will be sought within MBARI.
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Mr. Kirkwood has worked on the problem of ocean acidification and the associated technology with Dr. Brewer and his colleagues for over 5 years. Mr. Kirkwood has successfully developed prototype systems for in situ science to study pH changes due to anthropogenic CO2 as well as other ocean chemistry questions.  Mr. Kirkwood has attended numerous science conferences and ocean acidification workshops to bring forward new technologies and capabilities to the ocean science community such as deep sea corals as outlined in the 2006 NOAA report on Ocean Acidification. 
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Dr. Peltzer is an associate editor of Marine Chemistry and has served on several NSF proposal review panels.  For the past eight years he has been working with Dr. Peter Brewer at MBARI studying the problems of interfacing pH sensors to ROVs in order to make real-time measurements of pH in the deep ocean and investigating the kinetics of the carbon dioxide hydration reaction at low temperature and high pressure.  He has attended numerous national and inter-national meetings presenting talks and posters on these subjects.  For examples, see:  http://www.mbari.org/staff/etp3/.
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