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Introduction

Since the beginning of the Industrial Revolution, the release of carbon dioxide (CO2) from industrial and agricultural activities around the world has increased the amount of CO2 in the atmosphere, leading to warming temperatures and changes in weather patterns and climate. However, a significant part of the potential atmospheric CO2 increase has been naturally mitigated as the oceans have absorbed about 30% of all of the CO2 released every year (Feely et al., 2013). This absorption has caused CO2 inventories in the ocean to increase by billions of tons, especially in the last 50 to 100 years (Sabine and Tanhua, 2010). Initially, many scientists focused on the benefits of the ocean removing this greenhouse gas from the atmosphere, until the downside became dramatically obvious in the past few decades (e.g., Feely et al., 2004, 2009; Orr et al., 2005; Fabry et al., 2008; Doney et al., 2009). Observations made by hundreds of scientists at thousands of locations have unambiguously shown that CO2 absorbed by the ocean is changing the fundamental chemistry of the seawater through a process called Ocean Acidification (OA; e.g., Caldeira and Wickett, 2003, 2005; Feely et al., 2009; Mathis et al., 2011).

When CO2 is absorbed by seawater, chemical reactions occur that reduce seawater pH and saturation states of biologically important calcium carbonate minerals, such as calcite and aragonite, which are the essential building blocks for the skeletons and shells of many marine organisms. Prior to mankind’s release of CO2 into the environment, most areas of the surface ocean were supersaturated with respect to calcium carbonate minerals. This supersaturation means that there was abundant material for calcifying organisms to build their skeletons and shells. Since then, the pH of surface ocean waters has fallen by an average of 0.1 pH units, which represents a 30% increase in seawater acidity (e.g., Feely et al., 2009; Byrne et al., 2010). Future predictions indicate that if the oceans continue to absorb CO2 based on business-as-usual emission scenarios, they will be 150% more acidic by the end of this century. This scenario would lead to pH levels that the oceans have not experienced for more than 20 million years (Hönisch et al., 2012), when CO2 levels were naturally very high in the atmosphere and marine calcifying species such as coral reefs, crabs, and oysters were severely limited in their geographic range or completely non-existent (Pörtner et al., 2004; Payne and Clapham, 2012).

The problem of OA is particularly disconcerting for coastal areas where nearly all ocean-based economic and subsistence activities occur within a few hundred kilometers of shore (Cooley and Doney, 2009). These areas are already under threat from multiple stressors, such as overfishing, pollution, and hypoxia brought on by eutrophication (Pörtner, 2012; Whittman and Pörtner, 2013). On a local scale, the combined effects from OA and other natural and anthropogenic processes have already led to failures in hatcheries that rear larval shellfish (e.g., Barton et al., 2012) and caused the degradation and destruction of some planktonic shells (e.g., Bednaršek et al., 2012). While direct organismal impacts have been limited to date, over 1 billion people derive 100% of their protein supply directly from the ocean. Although there is a great deal of variability in organismal responses, even within the same groups, several commercial and subsistence species have shown a low tolerance to OA conditions that are already present at certain times of the year (Kroeker et al., 2013; Whittman and Pörtner, 2013) and will only worsen in the coming decades. Given the variability in ecosystem responses to OA, there will likely be both winners and losers throughout the marine environment. In the U.S., fisheries from the Bering Sea to the Gulf of Maine are at risk from this potentially looming stressor. There is a critical need for intensive time series measurements and repeat hydrographic cruises in high productivity coastal and estuarine systems, as CO2 and carbonate ion concentrations in these waters can vary substantially on time scales from hours to decades due to tides, photosynthesis, terrestrial inputs, and ocean circulation patterns.

Building an observing network

The existing coastal OA observing network in the U.S. has been largely built and sustained by the National Oceanic and Atmospheric Administration (NOAA) through partnerships with academic institutions around the county (Figure 1). The observation network consists of hydrographic surveys, mooring time series sites, ship-based and autonomous underway observations, and focused laboratory studies that have created a robust foundation in our understanding of OA. The major challenge going forward will be to determine where assets need to be placed around the U.S. to best meet the needs of regional stakeholders, especially in the context of shrinking federal and state budgets. The only viable solution to this problem is to effectively integrate the resources that are available through a cohesive network, where measurements and process studies are complementary to one other. This goal can be achieved by focusing on and integrating four critical aspects of OA in coastal regions: 1) spatial extent, 2) temporal duration, 3) level of intensity, and 4) biological responses.

[image: image]


Figure 1 Map showing the locations of current U.S. coastal assets that represent the ocean acidification network.

Red dots represent moorings that are currently deployed. Green dots show future mooring locations. Yellow triangles show the locations where OA measurements are routinely made during time-series cruises or from non-moored fixed platforms. Green lines show the location of cruises where underway measurements are made from volunteer observing ships (VOS) and ships of opportunity (SOO). Blue lines show the location of dedicated hydrographic cruises. Much of the data collected from these assets can be found at http://www.pmel.noaa.gov/co2/story/Ocean+Acidification.
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We currently have the tools and capabilities to constrain the observational aspects of coastal OA, although we are limited in our geographic scope due to the current size of the monitoring network. The spatial extent of OA events can be quantified using a combination of hydrographic surveys and underway measurements of the carbonate system and pH. A major emphasis that is currently being undertaken is the expansion of the ship- and glider-based observation programs by adding pH and other biogeochemical measurements to provide important information on the changing conditions in coastal waters, which can have a high degree of spatial variability. One of the most exciting developments in the past few years has been the addition of autonomous wave gliders to the pool of instruments capable of measuring OA (Figure 2). These gliders can operate independently and be deployed for months at a time while covering thousands of square miles with very high spatial resolution. Up to now, these gliders have been used to supplement ship-based observations (to be described in future publications), but they may become the workhorses for constraining the spatial extent of OA in the U.S. coastal regions and estuarine environments that are grossly under-sampled.

As the scope of autonomous glider operations expand, it will still be necessary to conduct dedicated hydrographic cruises where discrete carbonate measurements can be made. Currently, these cruises are conducted along the U.S. East and West coasts approximately every other year, and they have provided valuable new insights into the spatial variability of OA (Feely et al., 2008; Mathis et al., 2012; Wang et al., 2013). Off the West Coast, subsurface waters from intermediate depths (~120–250 m) are upwelled along the coast, generally during the months of April through September. These “upwelled waters” are naturally rich in CO2 and lower in pH than the waters they replace. This naturally high-CO2 condition is exacerbated by the uptake of anthropogenic CO2 at the surface and can lead to regions of aragonite undersaturation at or near the surface. Over the past few years, seawater undersaturated with respect to aragonite has been observed upwelling onto large portions of the continental shelf, reaching depths of approximately 40–120 m along most of the West Coast and all the way to the surface off of northern California and parts of Oregon (Feely et al., 2008; Harris et al., 2013).
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Figure 2 An example (data have not been fully verified) of the integration of data from four different OA platforms off the U.S. West Coast where pCO2 (µatm) measurements were made in 2012.

A) surface underway pCO2 data from a hydrographic survey cruise, B) surface wave glider pCO2 data, C) pCO2 along the Oregon coast calculated from dissolved inorganic carbon (DIC) and total alkalinity (TA) measurements taken from CTD hydrocasts, and D) surface pCO2 data from a mooring off of the Washington coast.
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While seasonal upwelling of the undersaturated waters onto the shelf is a natural phenomenon in this region, the oceanic uptake of anthropogenic CO2 has increased the areal extent of the affected area, which will only expand as CO2 levels continue to rise. The combination of natural processes and anthropogenic CO2 may make the coastal marine ecosystem on the U.S. West Coast particularly vulnerable to OA impacts, which have already led to the near total failure of developing oysters in both aquaculture facilities and natural ecosystems along the Washington and Oregon coast (Barton et al., 2012). Going forward, there is a critical need to maintain these cruises and expand the regional coverage to include the Gulf of Mexico and waters around Alaska with an observational frequency of once every three to four years for each region. These cruises, when supplemented with wave glider surveys, will continue to provide key insights into the spatial extent of OA, even though they are limited in their ability to evaluate the temporal scale of low pH events. Fortunately, we have the other tools to deal with this aspect of the problem.

The temporal extent of OA events can be extremely important in the coastal ocean due to the life cycles and tolerance levels of sensitive organisms. Preliminary studies have shown that some larval and juvenile organisms can have lower resiliency when exposed to water that is corrosive to carbonate shells, so the timing of onset and duration of undersaturated conditions can be critical (e.g., Parker et al., 2012; Long et al., 2013; Whittman and Pörtner, 2013). OA measurements in the coastal ocean have shown significant biogeochemical variability over a wide range of timescales from sub-diurnal to decadal periods. Therefore, time series records are essential for characterizing the natural variability and secular trends in OA and for determining the physical and biological mechanisms controlling the coastal carbonate system. The biological and chemical responses to natural perturbations are particularly important with regard to evaluating potential responses to anthropogenic forcing because, in many cases, the natural variability can be several times greater than the change induced from anthropogenic inputs. Instrumental advances over the past 15 years have allowed for the deployment of completely autonomous moorings capable of sampling properties of chemical, biological, and physical interests with resolutions as good as a minute, with durations of a year or more.

To quantify both short-term variability and long-term trends, a number of autonomous sensors have been developed that can quantify the carbonate system, particularly the partial pressure of CO2 (pCO2) and pH, along with ancillary measurements like temperature, salinity, dissolved oxygen, and nitrate, which also provide important biogeochemical data relevant to OA. In the past five years, these sensors have been deployed on a number of moorings around the coastal U.S. in a variety of environments (Figure 1). In situ measurements from these moorings are already providing a growing body of evidence that episodic phenomena are extremely important causes of variability to CO2/low pH events and the related biogeochemical processes that they induce (Figure 2). The data have begun to show that there is a great deal of variability in the duration and extent of OA events across different regions (Harris et al., 2013; Mathis et al., 2013).

To better coordinate these activities, an international effort to build a Global Ocean Acidification Observing Network (GOA-ON) was started in Seattle during a workshop in June 2012. Sixty-two scientists from twenty-three counties came together and developed three primary goals for GOA-ON: 1) identify spatial/temporal patterns and assess generality of response, document and assess variation to infer driving mechanisms and quantify rates of change in the marine environment; 2) measure biological responses to physical/chemical changes, quantify these rates of change and identify areas of vulnerability; and 3) provide spatially and temporally resolved data for model conditions and evaluations. A year later, a second meeting was held in St. Andrews, Scotland, where eighty-five scientists from twenty-eight counties worked together to further define the framework of GOA-ON and develop an implementation plan. Over the next few years, the integration and synthesis of data from this network should provide new insights into OA processes, particularly in coastal regions.

Monitoring ecosystem changes

A recent study in the Bering Sea (Mathis et al., 2013) showed that aragonite can become undersaturated in the bottom waters over the continental shelf for at least four months each year. While cruise data had shown that low saturation states do occur in the Bering Sea (Mathis et al., 2012), the continuous data from the mooring quantified the duration of the event and the level of intensity, as aragonite saturation state had not reached its minimum during the period of direct cruise observations in the region. This ability to meet the need to evaluate spatial extent, duration and intensity of undersaturation clearly shows the importance of using these platforms (cruises and mooring) in tandem.

The continuous data collected from the existing coastal OA moorings are also critical in evaluating the prognostic models used in OA projections (e.g., Rykaczewski and Dunne, 2010; Gruber et al., 2012). Model outputs can span entire coastlines, but they must be validated both spatially and temporally. Ship-based time series measurements are impractical and too costly for routinely measuring variability over intervals from a week to a month, which is necessary for model validation, so it will be necessary to rely on moorings to provide these data. Although these new mooring technologies are still underutilized, along with autonomous gliders they represent our best chance to quantify OA at the necessary resolution for model forecasting, which is a critical need for coastal stakeholders.

Another important breakthrough in the past few years that will also improve our understanding of spatial and temporal variability in the coastal ocean is the development of empirical algorithms that can estimate carbonate chemistry based on a limited number of fairly routine oceanographic measurements such as temperature, dissolved oxygen, and nitrate (Juranek et al., 2009; Evans et al., 2013). The cost of deploying a fully outfitted OA mooring that can directly measure the carbonate system can exceed $150,000. However, by deploying sensors that just measure basic parameters of temperature, salinity and oxygen, the cost can go down by a substantial amount. While the use of these algorithms will not replace fully outfitted OA moorings, they do offer a way to increase the spatial coverage, particularly in areas of high variability. One weakness of the algorithms is that they must be updated every 3–5 years with discrete measurements of the carbonate system, which can only be obtained through hydrographic cruises, further reinforcing the need to continue these activities.

Summary

We certainly have the tools in the toolbox to build a fully integrated coastal observing network that can constrain the spatial extent, temporal duration, and intensity of OA. However, the observations of ocean biogeochemistry have to be made with a directed focus toward biological impacts on organisms that are commercially important or keystone species in the food web. Laboratory-based experiments have been underway for several years to study the impacts on both calcifying and non-calcifying organisms when exposed to high CO2 conditions. These studies have been successful in many ways yet only provide a first approximation in our understanding of how OA will impact ocean biology due to biases that can be introduced in laboratory settings. To alleviate these issues, laboratory-based studies should be supplemented with in situ incubation studies that are done simultaneously during survey cruises, so that the biological manipulations can be more directly integrated with realistic environmental conditions. Additionally, new technological advances have allowed some of the laboratory-based experiments to be moved into actual ocean environments, where certain parameters (like CO2 levels) can be manipulated while allowing organisms to be reared under more natural conditions. These mesocosm experiments have been shown to be very successful (e.g., Riebesell et al., 2007) by European scientists and would be an invaluable tool for evaluating OA responses in U.S. coastal ecosystems.

Quantifying the extent, duration, intensity, and biological impacts of OA along the expansive U.S. coastline is going to be a challenging and expensive undertaking. However, when one considers the billions of dollars in economic revenue at stake and the cultural identities that are at risk from the impacts on fisheries around the country, including loss of fisheries, there is really no choice but to continue to develop and expand the U.S. OA monitoring effort. Doing so will take multilateral integration between a number of scientific, stakeholder, and policy groups, and each region will require a unique strategy for dealing with the consequences of OA. In general, though, we should follow through with the basic concept of deploying integrated complementary platforms that can provide a holistic view of OA, as shown in Figure 2.

Utilizing this framework, we would deploy a fully outfitted OA mooring with several other smaller moorings in the region, while the area is routinely surveyed by autonomous wave gliders (weeks to months) and hydrographic cruises (every 3–4 years) that include in situ biological manipulation experiments of sensitive organisms specific to that region. These data would then feed directly into the validation of OA forecast models and empirical relationships that provide the baseline understanding for supporting laboratory-based manipulation experiments with organisms and deploying ocean mesocosm experiments when key species vulnerabilities are identified. By employing this holistic approach, we may finally be able to determine the impact of OA in U.S. coastal waters and quantify the economic and societal costs.
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