TITLE SLIDE

Good afternoon.  Today I’m going to talk to you about enabling the assessment of a high CO2 low pH ocean – more specifically, I’m going to be taking you through the last 10 months of a joint science & engineering project where we have been asking the question ‘Is a Free Ocean Carbon dioxide enrichment, or FOCE, experiment, possible?’  The lead PIs are Peter Brewer & Jim Barry in Science, and Bill Kirkwood in Engineering, and we have an excellent team of around 12 people who have all worked extremely hard on what I ‘m about to show you... 

OVERVIEW

So first off, I’ll give a brief overview of the relationships between fossil fuel C emissions, atmospheric CO2 levels and ocean pH…

Then we’ll have a quick look at the on-land FACE, or free air CO2 enrichment experiments. 

Next, I’ll introduce the FOCE concept and prototype design & take you through our first test tank and full field trials

And finally, we’ll take a closer look at the reaction kinetics of the CO2 system, and the implications for the feasibility of a FOCE experiment…

C EMISSIONS & ATMOSPHERIC CO2
This slide shows in red the global fossil fuel C emissions, expressed in GtCO2/yr, from 1750 to the present.  In blue, we have the corresponding atmospheric CO2 levels in ppmv.  The more recent data in dark blue is the record from the Mauna Loa observatory in Hawaii, and this record has been extended back in time using data from the Siple ice-core (W Antatctica).

Since the 1750s over 1 trillion (tera) tons of ‘anthropogenic’ CO2 have been released to the atmosphere, dominantly through burning of fossil fuels, but also from cement production.  Half of these emissions have occurred since the mid 1970s. When this is compared to the measurements and reconstructions of the atmospheric CO2 levels, it would appear that less than two-thirds of this inventory remain in the atmosphere.  

The anthropogenic CO2 that has not accumulated in the atmosphere must have been taken up by either the land biosphere or by the ocean, or a combination of both. This is what used to be termed the ‘missing C sink’.  

The major role the oceans play in moderating the atmospheric CO2 signal has now been recognised for a long time, and in the 1990s the joint JGOFS/WOCE program conducted a global ocean survey to constrain this uptake.  

Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, U.S. Department of Energy, Oak Ridge, Tenn., U.S.A. 

04. FOSSIL FUEL CO2 INVASION (I)

This figure is from the Pacific Meridional section & shows the penetration of anthropogenic CO2 into the surface ocean.  You can see that the surface concentrations of fossil fuel CO2 are in the region of 50 umol/kg, and the signal has penetrated to depths greater than 1000m.

05. FOSSIL FUEL CO2 INVASION (II)

Based on this global data set, Sabine et al estimated a cumulative oceanic sink from 1800 to 1994 of ~432 Gt CO2, or around half of the fossil fuel emissions over this period.  

In 1995 the Intergovernmental Panel on Climate Change estimated an oceanic CO2 invasion rate of 20 million tons per day.  Now 10 yrs further on, with atmospheric CO2 at significantly higher levels, this flux is probably closer to 25 million tons per day.

What impact does this influx of CO2 have on the oceans?

06. THE OCEANIC CO2 SYSTEM

When CO2 dissolves in seawater it reacts to form carbonic acid.  Now carbonic acid as a distinct chemical species has never actually been detected as it dissociates so rapidly to form the bicarbonate ion and a hydrogen ion.  The direct reaction pathway may also be significant  - but we can’t distinguish between the two, and we approximate this system to the overall reaction.

Then there is the second dissociation to form the carbonate ion, and total CO2 is equal to the sum of all of these species.

Increasing atmospheric CO2 there fore leads to an increase in TCO2 and a decrease in ocean pH.  

FOSSIL FUEL CO2 & OCEAN pH

This figure is from Caldiera and Wicketts recent paper, where the bottom panel shows the simulated decrease in ocean pH in response to the emissions forcing function and atmospheric CO2 shown in the top two panels.

The emissions function isbased on historical data to the present day, then follows the IPCC IS92a, or ‘business as usual’, projected future scenario to 2100.  Following this, we have complete exhaustion of known fossil fuel reserves.  

The modern surface ocean is already 0.1 pH units lower than the pre-anthropogenic ocean. This model predicts a near future decrease in surface ocean pH of 0.2 units, or 0.1 units with respect to present values, with a total decrease of 0.3 units by 2050, and 0.7 units by the mid-millennium.

This shift is of geologic magnitude, and is thought to be greater than any experienced over the last 300Ma, with potentially drastic consequences for marine ecosystems.

One concern is the impact of hypercapnia or acidosis on marine organisms, where effects could be harmful at the population and species levels (Portner et al).

A second concern is the impact on calcification..  

IMPACT ON CALCIFICATION

Going back to the CO2 system equilibria, the creation of a hydrogen ion when CO2 reacts with water and dissociates, drives the carbonate-bicarbonate equilibria to the left, decreasing the concentration of the carbonate ion.   This can be considered as the following overall reaction.

The solubility product of any mineral is the product of the ions that make up that mineral, so for calcium carbonate we have…

The decrease in carbonate concentration drives down saturation state of seawater with respect to Ksp, and it becomes harder to precipitate, or easier to dissolve, CaCO3

IMPACT ON CORAL REEF CALCIFICATION

This figure shows illustrates the threat to coral reef communities due to a decrease in calcification.

By the year 2100, coral reef calcification in the tropics and subtropics may have decreased to ~70% of the 1880 average , although this is an area of vigorous debate in the literature with some authors predicting a rise in calcification over the 21st century. 

THE CURRENT STATE OF PLAY

The question that faces us now is how best to investigate the impacts of this high CO2-low pH ocean on ocean ecosystems and biogeochemistry.  Over the last year, this question has been addressed by a number of scientific bodies, to determine the research that is required to inform policy.  The conclusions of all the available reports are very similar – and that is that research into the impacts of high CO2 in the oceans is in its infancy and needs to be developed rapidly.  Three areas of research have been highlighted – Monitoring – Mesocsom and Field Studies and Modelling.  It is the second of these that we’re going to look at now. 

The first question we tend to ask when considering potential field experiments is ‘do we have a natural experiment or natural analogue?  

NATURAL SEAFLOOR CO2 VENTS

Well 3 sites of natural CO2 venting have now been discovered, 2 in back-arc hydrothermal fields, and 1 associated with hotspot volcanism.

Although studying the geochemistry and biology associated with these sites might provide valuable information on the possible consequences of leakage of CO2 from sub-seafloor geological sequestration sites, they do not provide a good analogue for the expected surface ocean acidification (1) depth of sites (2) acute versus chronic exposure...as an example of what I mean…     

‘UNCONTROLLED’ CO2 RELEASE

This picture is from a deep-sea release experiment.  You can see three white corrals filled with liquid CO2, and surrounding this a series of cages for benthic animals.

Dissolution of CO2 from the pool certainly peturbs the seawater pH, however the effect is highly non-regular.

To illustrate, this is a plot of pH measured at a distance of 1m from the pool over a period of 10 days.

You can see a series of short duration tidally modulated spikes in pH, where the pH decreases from an ambient value of 7.7, to a minimum of 6.1.  This shift is ~5-8 times larger than the 0.2-0.3 unit decreases predicted by 2050, where the pattern of acute change also bears little resemblance to the constancy of the predicted shift.

BERGEN MESOCOSM FACILITY

An experimental approach that is already being taken is in-situ mesocosm experiments.  This the Pelagic Ecosystem CO2 Enrichment Study, a Large-Scale-Facility, of the University of Bergen, Norway.  

The facility consists of nine gas-tight tents and CO2 levels are adjusted through aeration with CO2-enriched or CO2-free air.  In a typical experiment, three mesocosms are held at glacial CO2 levels (190 ppmv) , three at present-day levels (380 ppmv), and three at projected levels in 2100 (700 ppmv).

This facility has already been successfully used to assess impacts on coccolithophores and diatoms – HOWEVER this type of experiment is not suitable for benthic or coral reef systems, where an open system allowing movement of matter (e.g. sinking particles) and organisms in and out of the zone is required for a true assessment of potential impacts.
A different approach is therefore required, and we have a good analogue for this in the Free Air Carbon dioxide Enrichment, or FACE, experiments, which are now routinely carried our in terrestrial ecosystems. 

FACE EXPERIMENTS

This picture is of the Aspen FACE project, a DoE user facility in Wisconsin, which comprises 12 30m diameter FACE rings.  There are also now the mini-FACE facilities used to study impacts on wetlands and crops.

In both systems, the FACE ring consists of a series of vertical ventpipes, which disperse CO2 through the upwind section of the ring to maintain elevated atmospheric CO2 levels within the ring. 

This technology provides a whole ecosystem platform to study the effects of elevated atmospheric carbon dioxide concentrations on terrestrial systems.

WORLDWIDE FACE SITES

This map shows the worldwide distribution of FACE sites.  As you can see, there are FACE facilities within every major climatic zone, where the systems under study range from forests to grasslands, and from crops to wetlands and bogs.

Given the potentially serious impacts of rising CO2 levels on ocean ecosystems, we should be asking why there aren’t as yet any oceanic sites. 

A FOCE facility could provide an extremely valuable experimental resource to the scientific community.

THE FOCE CONCEPT 

This is a concept sketch of what a future FOCE facility might look like.  The FOCE rings are located on a seafloor observatory node, & the system essentially mimics the terrestrial FACE facilities, using a network of plumbing to pump CO2 from a storage cannister, mix it with ambient seawater, and inject the CO2 enriched fluid at the up-stream portion of the FOCE rings.

We got the go-ahead to proceed with the FOCE project in January of this year.  Now, building and operating such a system is both technically and scientifically challenging – and for the remainder of this talk I’m going to take you through our experiences and lessons learned from the last 10 months. 
FOCE PROTOTYPE: DESIGN CRITERIA

When we got the project go-ahead, we also got ship days for our first field trials in early April, which gave us a 3-month build time and demanded some extremely quick decision making.

Our primary target was to test our ability to regulate seawater pH under closed loop control.  In these first trials we therefore opted to use the addition of HCl to modify seawater pH (rather than CO2) and we set ourselves a pH control target of 0.1 units below ambient in current speeds of 10-30 cm/s

An important design constraint was that the system must be easy to deploy and recover for field testing, where we opted for a single package elevator design, with ROV based operations.   

I’m now going to take you through the design, construction and testing of the prototype FOCE system.   

THE FOCE PROTOTYPE

On the left we have the FOCE prototype – the principal components of this system are the acid reservoir at the top, the valve-vane assembly in the centre, and the reaction zone at the bottom.  

FOCE PROTOTYPE: DIMENSIONS (I-II)

 Starting at the bottom.  For the system dimensions we chose a control zone of 1m diameter, and extending for a height of 50cm above the seafloor.

Surrounding this is a 2m diameter ring of 40 vertical emitters

FOCE PROTOTYPE: EMITTERS (I-II)

We considered two options for the emitters – Diffuse & point source.  

You can see that in field trials the diffuse emitters performed much better, creating a well mixed cloud of dye, whereas under a laminar flow regime, in-sufficient mixing was achieved with the point source emitters.

These emitters are simply irrigation soaker hose – where the emitter ring was divided into 8 sections, and each section was plumbed in a closed loop containing 5 emitters.

FOCE PROTOTYPE: DELIVERY SYSTEM (I-VI)

The acid reservoir consisted of 8 cubitainers, plumbed into a central chamber.  A mixture of acid and ambient seawater is pumped from this level to a mixing chamber and through the centre of an 8 port valve and out to the emitter ring.

The section of the ring that the acidified seawater is pumped to is controlled by the valve-vane assembly…..

At any one time, the valve is open to a total of two of the eight ports, where the vane aligns the valve with current and directs flow to the upstream section of the ring……

As the current changes direction, the valve will move through a position where one port is fully open, and two are partially open…..

Thus the system moves from pumping through ¼ to…..

3/8ths of the ring, although the ….

Total volume pumped remains constant under constant current speed.

FOCE PROTOTYPE: CONTROL SYSTEM (I)

For our real time closed loop control we used 3 pH probes in a vertical array in the centre of the control volume.

FOCE PROTOTYPE: CONTROL SYSTEM (II)

Operations were run from the R/V Pt Lobos through the ROV Ventana, where Ventana plugs into the FOCE frame via an underwater mateable connector.

The pH data is passed from the frame to the vehicle.

Current speed was measured on Ventana

The pH and current data are passed through the ROV tether and input into the control program.

The output pump control parameters are then passed back to the frame.

FOCE PROTOTYPE: CONTROL PROGRAM (I)

Now for some more detail on the control program.

The 3 pH probes log data every second.  To remove noise from the data we applied a box-car filter, that averages the 30 most recent measurements.  The smoothed pH values are then passed through a quality filter & averaged, where if any probe records a pH less than 6 or greater than 8 it is excluded.

In simple terms, the difference between the measured average pH, and the set-point target, then controls the ratio of acid to water.

The current speed input controls the total volume pumped.

The control algorithm used yields a heavily damped, but exponentially responsive system.  This was to provide for quick adjustments to changes in current, while minimising bounce under constant current regimes.

As a fail-safe, and because prior to our first trials we quite simply didn’t know how the system would respond, we also had manual over-ride on both control parameters. 

TEST TANK DYE RELEASE (I)

Our first trials were conducted in the MBARI seawater test tank, using a dye solution to visually check on the performance of the valve-vane assembly and the emitters.

To give an idea of scale, Peter Walz standing immediately next to the frame is ~6’4”

To create a laminar flow field to simulate seafloor currents, we used a thruster to force water through a series of horizontal pipes.

The FOCE frame and laminar flow generator were positioned at the bottom of the test tank, and we recorded the trials through an observation window.  These trials gave very promising results as you will see in the video clip.

TEST TANK DYE RELEASE (II)

So intially we have no flow, and note the orientation of the vane.

Now, the thruster is on and the vane has lined up with the flow, which is coming from the bottom left corner of the screen.

You can see the dye is being pumped through the emitters and is rapidly forming a diffuse cloud indicating good mixing with the seawater.

(STOP CLIP AT THIS POINT DUE TO TIME CONSTRAINTS)

After these successful preliminary tests we moved rapidly on to the first field trials.

FIELD TRIAL LOCATION

Our field trials were conducted on 2 1-day cruises in Monterey Bay at a water depth of 250m.

Monterey Bay is a National Marine Sanctuary and we would like to thank NOAA for the permit allowing us to conduct these experiments.

FIELD TRIAL: DEPLOYMENT

So here is the FOCE frame ready for its first deployment, where the acid reservoir is filled with a dyed solution of 2.4N (20%) HCl.

Here is the frame being deployed, where it is lowered over the side of the ship and released.

And here is the ROV Ventana, which was deployed immediately after the FOCE elevator.

FIELD TRIAL 1: ON THE SEAFLOOR

The following pictures were taken using the camera mounted on Ventana.

At the seafloor, the visibility was very poor, and we had a few nerve wracking moments until looming out of the gloom we saw the FOCE frame.

To the RHS of the frame you can see the underwater mateable connector, which is acquired using the manipulator arm on the ROV, and plugged into the front of the ROV.

& finally here’s a nice shot of a ling-cod sitting immediately between two acid emitters.

On the first day of field trials, the current speeds were very low, ranging from no flow to ~ 8cm/s, well below our design remit, and the system did not perform particularly well.  However on the 2nd day we were fortunate and had current velocities of 10-15 cm/s, and the system performed very well indeed…..

FIELD TRIAL 1: DATA & pH CONTROL(I)

This is the first data we collected on the 2nd day over a time period of ~20 minutes.  

This image is a ‘frame-grab’ of the data as it is displayed in real-time in the FOCE GUI, which was constructed in lab-view .  

The plot is of the 3 pH records in green, red and white, and the average pH which was used to control the feedback loop in blue.

The background pH is 7.77, with a control set-point 0.1 units below at 7.67, shown by the orange line.

In general the average pH is well modulated, reaching a minimum of 7.54 or just 0.1 units below the set point.

However, we do note the larger negative spikes seen in the lower 2 probes (white and red), where this spiking is due to a density effect.

When planning the experiments, one of our major concerns had been the possibility that we night run out of acid over the course of a 2 day trial, thus we opted to use 20% or 2.4N HCl.  HCl of this strength is signficantly denser than seawater, so the acid effectively sinks and bathes the lower 2 probes to a greater extent than pH probe 1.

FIELD TRIAL 1: DATA & pH CONTROL(II)

In an attempt to minimize the impact of this phenomenon on the feedback control, we re-ran the experiment using only pH probe 1 to control the feedback loop.  This is a 10 minute segment of that data, where with the exception of a small negative spike which quickly recovered, the pH was regulated extremely well, within +/- 0.04 units from the set-point.    

So what lessons did we learn from these trials, and what are our plans for the next FOCE deployments…..

FIELD TRIAL 1: LESSONS LEARNED

So in our first field trail – we had no show stoppers.  However there were a few issues we needed to address.  The first was that the system performed well at current speeds of 10 cm/s – but did not perform well under low/no-flow conditions.  Secondly, the current meter on the ROV did not match current data we recorded from an S4 current meter deployed ~ 10m away from the FOCE frame.  This is due to the flow field created by the ROV itself.  Thirdly, there was the acid spiking we have just looked at.  Finally, we got some indication that the added acid had not reached equilibrium with the seawater.  So we were all systems go for the July field trials with some minor changes.  We switched locations to a stud site with higher currents.  We added a rotary current meter to the FOCE frame, directly above the directional vane, so current data was now also being fed directly from the frame.  We reduced the acid strength from 2.4 to 1.8M to density match to seawater – 

Now, in our new study location, the average current speeds we experienced were on the order of 25-35 cm/sec.  Under this ‘fast’ flow regime, we were unable to achieve our target pH set-points – so the main focus of this dive series became examining the extent of disequilibrium using a seawater recirculation cell. 

CO2 HYDRATION & HYDROXYLATION

First lets take a look at what happens when you inject acid into seawater.  

Initially we see a sharp decrease in pH, as the added hydrogen ions pass the pH sensor.  These hydrogen ions then react, pushing the carbonate system equilibria to the left and forming an intense cloud of CO2 at the point of injection, where these reactions are all fast.  The CO2 enriched parcel of seawater then mixes with ambient seawater – and is out of equilibrium – and a slow decrease in pH is observed as the excess CO2 reacts to form HCO3--, as both the hydration and hydroxylation of CO2 are SLOW reactions.

Now I’m going to take you through the apparatus we use to investigate this effect in-situ..

SEAWATER RECIRCULATION CELL – DRAWING A SAMPLE

This is a schematic of our seawater recirculation cell – or pH loop. It consists of two parts – the recirculation cell that is mounted on the ROV, and the wand, which can be moved around using the ROV manipulator arm.   The wand consists of a pH probe, a thermistor, and the inlet tubing leading to the recirculation cell.

The recirculation loop consists of the reaction cell, which is fitted with a pH probe and thermistor, a seabird pump and flow meter, and three hydraulically operated valves – with the valves in the positions shown, water is constantly being drawn from the wand inlet into the recirculation cell. 

SEAWATER RECIRCULATION CELL – RECIRCULATION MODE

When the valves are switched, the water sample is trapped and pumped constantly through the recirculation loop to ensure good mixing.  This allows us to observed the pH decay curve as the system reaches equilibrium.

And here is a photo of the recirculation loop mounted on the ROV.

FIELD TRIAL 2 – DISEQUILBRIUM EXPT (I)

These pictures were taken during the second field trials – here we can see the manipulator arm holding the inlet wand – with the pH probe and inlet tubing – and here is the wand being held inside the FOCE frame, with the tip at the edge of the control zone.  

FIELD TRIAL 2 – DISEQUILBRIUM EXPT (II)

This is the control GUI for this bit of kit – where this screen-grab was taken while the wand was held in the position you have just seen.   The green trace is the pH recorded at the wand inlet, and the red trace is the pH recorded as opened and closed the recirculation loop.

FIELD TRIAL 2 – DISEQUILBRIUM EXPT (III)

This is a slightly extended data plot from the same time covering a period of 25 minutes – the curve you just saw on the GUI is this central curve.

The orange line is the ambient background pH – you can see that the pH recorded at the edge of the CZ is only 0.04 units lower than background.  In the red trace, you can see we have three relaxation curves, corresponding to when we closed and opened the recirculation loop, and that once the system had reached equilibrium the delta pH was 0.13 units.  You can also see that the time to reach equilibrium is on the order of ~5 minutes – and these slow reaction rates have tremendous importance for the design of the FOCE system.

DIMENSIONS vs REACTION RATES

If we go back to the FOCE prototype dimensions, and consider how long it would take a parcel of water to move from the emitters to the control zone at current speeds of 30cm/s, we have around 2-5 seconds.  In 5 minutes, the approximate time to reach equilibrium – that parcel of water is 90m downstream from the FOCE frame.  So the FOCE design must account for the reaction kinetics – and to do that the kinetics must be well characterized.

CO2 HYDRATION AND HYDROXYLATION

So going back to the reaction kinetics – we decided to do more detailed analysis and experiments to determine the relaxation time of the system.

If we consider a simple elementary reaction from A to B, with a rate constant k, then the rate law for that reaction is the change in concentration of reactant A with time is equal to the rate constant multiplied by the concentration of A.

The relaxation – or e-folding time TAU is the inverse of the rate constant k, and gives us the time in which A reaches 37% of its initial concentration.  And as long as the decay in A is exponential, then the reaction will be 99% complete at 4.6 times tau.

We can apply these simple principles to a perturbation in CO2 – delta CO2 – and integrating the rate law gives us the exponential decay curve for this perturbation.  Now I’m not going to take you through the derivation of tau given below just point out the dependence on the rate constants k1 and k4 for hydration and hydroxylation of CO2. The ∂ terms are derivatives of HCO3-, H+, and OH- with respect to CO2 at equilibrium and the [ ]* terms = concentration of the species at equilibrium

 RELAXATION TIME TAU

The basic principles of this kinetic model are as follows.  In a closed seawater system at timescales greater than 1 second, the rate determining steps are the hydration and hydroxylation of CO2.  The  bicarbonate/carbonate system and the water system are assumed to be in equilibrium.

If we then apply conservation of TCO2 and charge balance – the derivation for tau is obtained and can be expressed solely in terms of pH and TCO2 – so tau is essentially a function of pH.

Another interesting point is that within a pH range of 7-9, the ratio of CO2 to OH decrease is approximately 1:1, so the integrated rate law for CO2 can be expressed in terms of the hydroxide ion – a parameter we can readily obtain from our pH data.

FIELD TRIAL 2: DISEQUILBRIUM EXPERIMENT

As an example – lets go back to the data you’ve already seen – we can take each of these curves & calculate the hydroxide ion concentration decrease, or delta OH - as the system reaches equilibrium.

MEASURED TAU

We then fit an exponential decay curve to determine our observed relaxation time.  We also modified the Wolf-Gladrow model to include the effects of pressure – and so we can calculate the predicted tau – and the comparison to our observations is pretty good – within 5 seconds.

KINETICS EXPERIMENTS

We have also conducted a whole series of experiments, which we finished last week – on the effects of the size of the perturbation, T, P and TCO2 on the in-situ reaction rates.  To do this we modified our seawater recirculation loop – so the system can draw either ambient seawater or a buffer/surface seawater sample, and we can inject known amounts of acid directly into the cell.

PRELIMINARY DATA

The preliminary data from these experiments confirm the generally good agreement between the theoretical model and in-situ observations.

DEEP vs SHALLOW

So we can use the model to investigate the extent of the kinetic problem, and base future FOCE designs on this information.  As an example comparison (with fixed TCO2 and salinity) we can look at 500m experiment, at 6 deg C, - the dependence of tau on pH at equilibrium is given by the red line.  Bottom water ambient pH is around 7.7, so for a pH perturbation of 0.2 units, we’re looking at a tau of ~ 50seconds and a time to equilibrium of 4 minutes – or 70 meters from the emitters. In a tropical coral reef system, we would be at ~50m depth, with a temperature of 24C, and tau for this system is given by the pink line.  Surface water pH is around 8.2, so for the same perturbation, the reaction is significantly faster, with a tau of ~20seconds – however this is still not fast enough – as a t current speeds of 30 cm/sec we would still be 30m downstream from the emitters before equilibrium is reached.

DESIGN REVIEW

So we are now in the design review for the FOCE system.  It would appear that we have after all found a show-stopper – in that for a fully open system the emitters would need to be placed 30m away from the control zone and the volumes of CO2 or acid required makes this option infeasible,

The best solution, and the one we are currently working on, is to increase both the emitter to control zone spacing, and to moderate flow through the FOCE system by switching to a partially baffled system – where the extent of baffling responds dynamically to the flow regime.

