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1.5.5.2 Special request Advice June 2010  

Subject: Monitoring methodologies for ocean acidification  

Advice summary  

A coordinated ocean acidification (OA) monitoring programme is needed that integrates physical, biogeochemical, and 
biological measurements to concurrently observe the variability and trends in ocean carbon chemistry and evaluate 
species and ecosystems response to this changes. For the physico-chemical parameters there is a good basis for 
initiating monitoring although there are some technical issues that still need to be resolved. However, the science 
needed to develop a monitoring programme for impacts of ocean acidification is less developed and for the moment 
ICES is not in a position to give detailed advice on this issue.   

ICES advises that the development of coordinated and harmonised monitoring of OA involving OSPAR contracting 
parties would be best addressed through an interdisciplinary OSPAR/ICES workshop to bring together the required 
expertise.    

OA is a long-term process requiring long-term observations. A monitoring programme needs to be designed to 
distinguish long term trends from shorter term natural variability. To achieve this sustained monitoring of more than 10 
years will be required.   

Two, preferably three, of the following four parameters should be monitored: total alkalinity (TA), dissolved inorganic 
carbon (DIC), partial pressure of CO2 (pCO2) and pH. Some practical and technological issues relating to pH 
measurements as well as questions associated with both direct measurements and indirect calculations of pH need to be 
resolved as a priority.  Since pH is of primary concern this parameter should be measured when possible in the future.   

Measurements need to cover the range of waters from estuaries, shelf seas and ocean mode waters and abyssal waters 
where sensitive ecosystems may be present.  Emphasis should be placed on key areas at risk within the OSPAR area 
such as high latitudes colder waters and areas identified as containing ecosystems and habitats which may be 
particularly vulnerable, e.g. cold water corals.  

It is premature to recommend definitive species for biological monitoring of OA effects until more is known concerning 
the physiological responses and population consequences across a wide range of sensitive taxa.  

Monitoring is foreseen as a combination of low-frequency repeat ship-based surveys enabling collection of extended 
high quality datasets on horizontal and vertical scales, and high-frequency autonomous measurements for more limited 
parameters using instrumentation deployed on ships of opportunity and moorings.  

There are several national and international projects that have been/are currently active in the OSPAR area making 
sustained measurements using a variety of platforms. These can be used as a basis for the development of the future 
monitoring programme. Building relevant measurements into other related programmes (e.g. OSPAR eutrophication 
monitoring) may support cost effective monitoring in some locations. Monitoring in the OSPAR region should be 
strongly linked with proposed global observational networks.   

Detailed technical information is presented in Annex 1.   

Request  

Monitoring methodologies for ocean acidification (OSPAR 2010/2).  

To provide, on the basis of a review of existing methodologies and experience, recommendations for cost efficient 
methods for monitoring ocean acidification (OA) and its impacts, including possibilities for integrated chemical and 
biological monitoring. Specifically this should provide:  

a. advice on appropriate parameters, protocols and quality assurance for monitoring changes in pH and 
inorganic carbon chemistry in the OSPAR maritime area and other ancillary parameters that should be 
included in monitoring programmes 

b. advice on the status of current knowledge on spatial and temporal variability of pH and inorganic carbon 
chemistry in the OSPAR maritime area 

c. advice on appropriate spatial and temporal coverage for monitoring, considering different 
oceanographic features and conditions and key habitats/ecosystems at risk from OA in the OSPAR 
maritime area,  
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d. advice on the status and maturity of potential indicators of OA impacts on species, habitats and 
ecosystems that could be considered for inclusion in OSPAR monitoring programmes.  

ICES advice  

General Considerations  

Increasing concentrations of CO2 in the atmosphere will have long-term impact on the carbonate system in marine 
environments. It is estimated that oceans absorb approximately a quarter of the total anthropogenic releases of carbon 
dioxide each year. Ocean acidification is a persistent process and a direct consequence of this uptake and has already 
been observed through direct measurements. These changes in the carbonate system are a cause for concern for the 
future health of marine ecosystems. Painstaking and sensitive methods are necessary to measure changes against a 
background of high natural variability. It is a long term process requiring long term observations.  

A monitoring programme needs to be designed to distinguish long term trends from shorter term natural variability. 
Monitoring needs to start with a research phase which assesses the scale of short term variability in different regions. 
The Arctic Ocean needs to be monitored because its waters are potentially most sensitive to change. The Atlantic Ocean 
needs to be monitored because it provides the source waters to the shelf seas and is already known to show more 
variability than is predicted by numerical models. In near shore environments increased production resulting from 
eutrophication has probably driven larger changes in acidity than CO2 uptake. Although the cause is different, data is 
equally required from these regions to assess potential ecosystem impact.  

ICES considered that a broad objective for OA monitoring was to measure spatial and temporal trends in pH, carbonate 
system parameters and saturation states of the predominant forms of calcium carbonate ( ARAGONITE  and CALCITE) in 
support of assessing risks to and impacts on marine ecosystems. Sustained funding will be required to mount the 
programme of sustained observations that is necessary. However much of the sample collections and measurements 
required can be carried in conjunction with existing work. The overlap of interest with monitoring of the CO2 exchange 
process itself and initiatives such as ICOS - Integrated Carbon Observation System (http://www.icos-infrastructure.eu) 
will reduce the likely cost burden of specifically acidification related monitoring.  

Monitoring in the OSPAR region should be strongly linked with proposed global observational networks and 
international carbon research projects and initiatives. One example of such an initiative is the IMBER/SOLAS Ocean 
Acidification Working Group (http://www.imber.info/C_WG_SubGroup3.html) which has the following tasks: 1) 
Coordinate international research efforts in ocean acidification and 2) Undertake synthesis activities in ocean 
acidification at the international level.  

While marine calcifying organisms are logical candidates for studying the biological response of increased CO2 and 
developing indicators for documenting these responses OA also has the potential to impact marine organisms through a 
variety of pathways including disruption of carbonate secretion, dissolution of carbonate structures, disruption of 
enzymatic activity with consequences for altered growth, development and behaviour. Many of these impacted systems 
and responses are candidates for biological indicators of OA. It is premature to recommend definitive species for 
biological monitoring of the effects of OA until more is known concerning the physiological responses and population 
consequences of ocean acidification across a wide range of taxa.   

ICES reviewed the present state of knowledge with respect to the points raised in the OSPAR request and compiled 
detailed technical information presented in Annex 1.   

a. advice on appropriate parameters, protocols and quality assurance for monitoring changes in pH and 
inorganic carbon chemistry in the OSPAR maritime area and other ancillary parameters that should be 
included in monitoring programmes  

A review of methods and instrumentation available to undertake these measurements, covering laboratory instruments 
as well as those that can work autonomously in ships of opportunity or moorings are presented in Annex 1.  

In relation to monitoring changes in pH and inorganic carbon chemistry ICES advises that:  

1. Coordinated observation of the carbonate system in the OSPAR areas should be started as soon as 
possible to establish long term datasets. Measurements of carbonate system parameters should therefore 
be included in monitoring programmes, taking into account the requirements for these parameters in the 
Marine Strategy Framework Directive. 

2. There are four parameters which describe the carbonate system (total hydrogen ion concentration (pH), 
total alkalinity (TA), total dissolved inorganic carbon (DIC) and partial pressure of carbon dioxide pCO2). 
A minimum of two must be determined to derive the other two. If three of the variables are determined 

http://www.icos-infrastructure.eu
http://www.imber.info/C_WG_SubGroup3.html
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this allows verification of the computed value. DIC and TA are the most widely measured for discrete 
samples while pCO2 is the most common for underway measurement. At present there are practical and 
technological limitations to pH measurements but since pH is of primary concern this parameter should 
be measured when possible in the future. 

3. Recent papers have raised concerns about reliability of these widely used calculations in different types of 
natural waters and artificially modified waters used in experimental systems. There is urgent need to 
resolve these questions (See Annex 1 Section 9.2). 

4. Necessary parameters to be measured alongside the carbonate parameters are temperature, salinity, 
dissolved phosphate and silicate as these are required for carbonate system calculations. It is strongly 
recommended that dissolved oxygen and nitrate also be measured to provide information on the timing of 
the data relative to the seasonal production/respiration cycle. OSPAR has existing guidelines for the 
determination of these ancillary parameters. 

5. To achieve consistency, the widely accepted procedures outlined in Annex 1, section 4.1 should be 
followed, although limitations have to be taken into account in estuarine systems. Monitoring requires a 
long term commitment to both observation and methods (technological) development. Present methods 
are slow and require high skill levels. Improvements in the methods should be sought to increase their 
ease and speed of use. Monitoring programmes will need to adapt to these changes.  

6. To obtain reliable and consistent datasets it is essential that a high level of quality assurance is established 
from the beginning of the programme. This can be based on the certified reference materials (CRMs) for 
DIC and TA and reference gases for pCO2 measurement are available from NOAA. Certified buffer 
solutions for use in the measurement of pH are currently under development (Annex 1, section 4.2). Use 
of CRMs should be coupled with inclusion of the appropriate determinants in a laboratory proficiency 
testing schemes (e.g. QUASIMEME). 

7. Data should be reported to both the Carbon Dioxide Information Analysis Centre (CDIAC) 
http://cdiac.ornl.gov/oceans/home.html) and to the ICES data repository 
(http://www.ices.dk/datacentre/Submissions/index.aspx). Reporting data to the ICES data repository 
enables it to be linked to many related OSPAR datasets e.g. nutrients and integrated ecosystem data. 
Globally, most research groups measuring carbonate parameters submit data to CDIAC. CDIAC has 
established reporting formats for these data and related metadata, and also has worked with the scientific 
community to develop systems for effective data access and review such as the SOCAT (Surface Ocean 
CO2 Atlas) http://www.ioccp.org/SOCAT.html).  ICES should consider how data reporting would evolve 
so that relevant data is available and accessible to both databases without replicating reporting 
requirements.  

b. advice on the status of current knowledge on spatial and temporal variability of pH and inorganic carbon 
chemistry in the OSPAR maritime area  

Information on spatial and temporal variability of pH and inorganic carbon chemistry in the OSPAR maritime area is 
summarised in Annex 1 section 8.  

c. advice on appropriate spatial and temporal coverage for monitoring, considering different oceanographic 
features and conditions and key habitats/ecosystems at risk from OA in the OSPAR maritime area,   

ICES cannot give precise guidelines on spatial and temporal coverage for monitoring. The detailed report at Annex 1 
describes presently available sources of data and suggests known locations where continued observations and new 
observations should be made (sections 3 and 7). The design of a monitoring programme should take the following into 
consideration.  

1. A lack of data on seasonal and inter-annual variability means that an initial research phase of more widely 
dispersed and more frequent measurements is necessary to provide the information required to design a 
statistically robust long term monitoring programme. 

2. Measurements need to cover the range of waters from estuaries, shelf seas and ocean mode waters and 
abyssal waters where sensitive ecosystems may be present. That is the spectrum of waters in all OSPAR 
areas. Particular emphasis should be placed on key areas at risk within the OSPAR area, for example high 
latitudes where ocean acidification will be most rapid, and areas identified as containing ecosystems and 
habitats which may be particularly vulnerable, e.g. cold water corals 

3. Arctic waters are a region where OA is likely to exert a more pronounced impact than in other OSPAR 
areas. The solubility of CO2 increases inversely with temperature. It is difficult to predict how the waters 
of other OSPAR regions will be impacted by OA over the next century. Atmospheric CO2 concentrations 
are heterogenous at regional scales and proximity to the coast where elevated population densities occur 
may result in locally enhanced pCO2 with concomitantly diminished pH. Upwelling regions typically 
contain water with substantively higher pCO2.  

4. There are several national and international projects that have been/are currently active in the OSPAR 

http://cdiac.ornl.gov/oceans/home.html
http://www.ices.dk/datacentre/Submissions/index.aspx
http://www.ioccp.org/SOCAT.html
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area making sustained measurements using a variety of platforms. These can be used as a basis for the 
development of the future monitoring programme, details are provided in Annex 1 section 7. Building 
relevant measurements into other related programmes may also support cost effective monitoring. For 
example, in some locations, incorporation of carbonate parameters into OSPAR eutrophication 
monitoring may provide a cost effective approach to coastal and inshore monitoring. 

5. Monitoring is foreseen as a combination of low-frequency repeat ship-based surveys enabling collection 
of extended high quality datasets on horizontal and vertical scales, and high-frequency autonomous 
measurements for more limited parameters using instrumentation deployed on ships of opportunity and 
moorings. ICES noted the standard World Ocean Circulation Experiment (WOCE) horizontal sampling 
strategy for oceanic studies of 30 nautical mile spacing for physical measurements, with higher 
resolutions in regions of steep topography and boundary currents, and 60 nautical miles or better for 
carbon and tracer measurements.  

d. advice on the status and maturity of potential indicators of OA impacts on species, habitats and ecosystems 
that could be considered for inclusion in OSPAR monitoring programmes.  

OA has the potential to impact organisms via a reduction in rates of calcification or dissolution of calcium carbonate 
structures. These may affect normal behaviour, buoyancy, vulnerability to predators or other responses. Both calcium 
carbonate-secreting and non-secreting taxa may be affected via disruption of enzyme activity through pH-altered 
protein conformation. Diminished reproductive success appears to be another potential impact of reduced pH.   

Calcium carbonate-secreting taxa include: meroplanktonic larvae of molluscs, echinoderms, crustaceans, and fish; and 
the holoplanktonic microzooplankton (foraminiferans), molluscs (pteropods and heteropods), and crustaceans 
(ostracods, amphipods, copepods).   

While much recent research has addressed the potential impact of OA on the abilities of coral species to secrete calcium 
carbonate, which forms the basis of coral reefs, there is an increasing body of literature that suggests that OA may 
produce potentially adverse consequences for a wide variety of planktonic  and benthic organisms.   

Most zooplankton biomass occupies the upper 200 m (epipelagic zone) where the proximity to the atmosphere means 
that ocean acidification changes are likely to be most pronounced. Moreover, zooplankton exhibit rapid generation 
times, which make them potentially useful indicators of regional changes in pH. Many taxa incorporate calcium 
carbonate into their exoskeletons or shells rendering them potentially vulnerable to reduced pH. Zooplankton are also 
critical components in the biological carbon pump through their consumption of phytoplankton, and serve as  essential 
prey for almost all larval and juvenile fishes. Thus, adverse responses by zooplankton to OA have the potential to 
cascade through both higher and lower trophic levels and may eventually affect deep-sea biodiversity and ecology.  

Although the majority of research has been directed towards taxa that incorporate various forms of CaCO3, diminished 
pH has the potential to affect zooplankton in another way. Declines in pH have the potential to disrupt the internal acid-
base balance within cells. Both calcifying and non-calcifying species would be subject to this impact. Such a disruption 
could affect the maintenance of normal protein conformation with consequent disruption of the normal functioning of 
enzymes and other proteins.  

Most research on zooplankton responses to OA has focused on pelagic molluscs called pteropods; the meroplanktonic 
(temporary members of the plankton) larvae of benthic crustaceans (e.g. lobsters), molluscs (oysters, clams, mussels), 
echinoderms (sea urchins and starfish); and fish larvae due to the presence of calcified otoliths. None of the scenarios of 
future ocean pH are predicting that the pH will decline below neutral (pH 7.0) and the consensus is that the carbonate 
buffering system in the ocean will maintain slightly alkaline conditions with a likely decline of 0.3 

 

0.4 units to 
approximately 7.7 

 

7.8 by 2100 (Figure 1). For this reason, studies that have subjected zooplankton to extreme pH 
fluctuations at or below neutral are unrealistic and have little relevance when attempting to assess how zooplankton may 
respond to reasonable OA future scenarios.  
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Figure 1 Projected changes in surface pH (1997 2067) based on the assumption that atmospheric CO2 
doubles during the same period (from Bellerby et al., 2005).  

The few data available on fish do not suggest short-term effects of low pH on the hatching success of larval fishes; 
however, a recent study found a surprising increase in the mass of otoliths in 7 day old white sea bass (Atractoscion 
nobilis) grown under elevated pCO2 treatments. This finding was attributed to the ability of the fish to regulate their 
calcium and hydrogen ions but not the CO2 in their endolymph leading to an elevated ARAGONITE and enhanced 
aragonite deposition.  

Benthic taxa such as coldwater corals and other appropriate invertebrates are also potentially vulnerable to OA. In the 
deep sea, changes in the concentration of aragonite may impact reefs at higher latitudes by reducing the depth of the 
aragonite saturation horizon (ASH). Models of the projected aragonite saturation show that ca. 70% of current known 
cold-water coral locations could be undersaturated by 2099. In short, the effects of ocean acidification could be great, 
but more research needs to be conducted to determine the sensitivity of deep-sea biota and to understand the ecological 
effects on the deep-sea.  

In summary, from an organismal level, there are many potential indicators of physiological change, which could 
respond to increased pCO2. These include: fecundity, embryonic development and larval development, growth and age 
to sexual maturity, and hormone levels and metabolism. Ultimately many of these factors are linked to larval 
recruitment. From a habitat level, many of these variables can also be measured for both zooplankton and coldwater 
corals and can be used to assess the changing levels of calcifying organisms sinking to the bottom and providing 
nutrition for various benthic organisms. Currently, assessing how these measurements respond to OA are in their early 
stages; however, research is progressing on how to incorporate such measurements in integrated OA monitoring efforts.  

Recommendations:  

 

Current research and national activities and available methodologies provide a good basis for initiating 
coordinated monitoring of ocean acidification in the OSPAR area.  Development of coordinated and 
harmonised monitoring of ocean acidification involving OSPAR contracting parties would be best 
addressed through an interdisciplinary OSPAR/ICES workshop to bring together the required expertise.    

 

Measurements of carbonate system parameters are specialised methods. It should be considered if 
specialist laboratories with a track record in making these measurements should be contracted to do the 
analyses (at least in the first stages of this work). An OSPAR/ICES workshop would be an efficient 
mechanism for the exchange of expertise and harmonising of methods.  

 

Substantial research phase is necessary to evaluate variability of the system in time (daily, monthly, 
annual scale) as well as in space. Such information is necessary to define the appropriate frequency and 
distribution of future long term monitoring.  

 

Further research is needed to better understand the physiological responses and population consequences 
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of ocean acidification across a wide range of taxa. Coordination of this research could also be facilitated 
by a joint workshop.  

 
Direct measurements of pH are the preferred option but there are practical and technical challenges and 
further investigation or research is needed.   Additionally, calculation of pH from other parameters has to 
be done taking into account the limitation of the carbonic acid dissociation constants being used and using 
an appropriate pH scale (Annex 1 sections 2.1 and 9.1).   

 
Quality assurance tools need further development.  A cause for concern is the future supply of CRMs. 
Presently these are produced on limited scale ( cottage industry ). Increased research into ocean 
acidification has the potential to increase the demand for CRMs beyond the capacity of these producers.  

Sources:  

ICES. 2010a. Report of the Marine Chemistry Working Group. ICES CM 2010/SSGHIE:03. 
ICES. 2010b. Report of the ICES/NAFO Joint Working Group on Deep-water Ecology. ICES CM 2010/ACOM:26. 

(WGDEC, 2010) 
ICES. 2010c. Report of the Working Group on Zooplankton Ecology. ICES CM 2010/SSGEF:12. 
Bellerby, R., J. Olsen, et al., Eds. (2005). Response of the Surface Ocean CO2 System in the Nordic Seas and Northern 
North Atlantic to Climate Change. Geophysical Monograph Series 158, The Nordic Seas: An Integrated Perspective, 
American Geophysical Union. 
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Annex 1: Information needed to support the development of monitoring of ocean acidification  
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1. Background information and monitoring objectives  

1.1 Background  

Recent reports have identified ocean acidification (OA) resulting from the absorption of anthropogenic CO2 by the 
oceans as a major concern because of its potential affects on marine biogeochemistry and ecosystems and the lack of 
appropriate information for assessing the risks (e.g. Raven et al ., 2005). Acidification (measured as reduction in pH) is 
a certain consequence of the rise in atmospheric concentrations of CO2 (carbon dioxide) and the resulting net oceanic 
CO2 uptake.  

There is only limited data available to assess the vulnerability of different areas to change and to understand the already 
identified spatial and inter-annual variability in oceanic CO2 uptake (Schuster et al., 2009). Atmospheric CO2, has small 
spatial gradients, and is dispersed. However, local factors influence air-sea CO2 exchange. For example, local variations 
in total alkalinity (TA) have an influence on CO2 uptake.  

Some marine regions will be more rapidly affected than others but ultimately all marine regions will be impacted. The 
susceptibility of a water to change depends on the chemical composition and temperature of the water. The rate of 
decrease in pH is small (ca. 0.001 pH units yr-1) and the build up of anthropogenic CO2 is likely to become biologically 
significant over decades. However local processes have already been seen to cause more intense than expected changes 
(Thomas et al. 2007; 2009; Feely et al., 2008; Wooton et al., 2008).   

At temperate latitudes the natural annual cycles and inter-annual fluctuations of temperature and biological production 
result in a natural cycle and inter-annual fluctuations in pH that are large compared to the likely net annual rate of 
decrease, consequently a long term monitoring programme must be designed to discern between the long-term trend and 
these short term fluctuations. Waters where there is enhanced production due to nutrient enrichment will have a larger 
cycle in biological production and respiration and consequently greater than natural range in acidity through a year.  

The seas of NW European shelf area may be flushed by ocean water at such a rate that it is the change in pH in the 
ocean water that may be the primary determinant of the underlying long term rate of change in pH of these shelf seas. In 
turn the rate of increase in acidity in ocean waters will vary from year to year in line with the changes in the amount of 
uptake of atmospheric CO2. Variations in uptake are a result of variations in temperature, biological activity and mixing 
between surface and deeper waters.  

Many potentially relevant processes in shelf seas are poorly described at present, such as inputs from rivers producing 
enhanced production and respiration, factors influencing TA and reactions with the benthos. Both monitoring and 
process studies in shelf seas are required so a distinction between ocean control and control by local processes can be 
made.   

The international research community through the SOLAS/IMBER ocean acidification working group are also 
considering how a global observational network for ocean acidification can be established (Feely et al. 2010).   

1.2  Objectives of monitoring  

As context for responding to the request it was considered necessary to elaborate on the rationale and primary 
objectives for an OSPAR ocean acidification monitoring programme as this relates to the physico-chemical aspects of 
such a programme.   

Key objectives were considered to be:  

o Assemble a baseline data set against which long-term ocean acidification monitoring in key water bodies in 
OSPAR areas can be judged. The work required to  measure the variability of the carbonate system on seasonal 
and inter-annual time scales has already started (See Section 8). To ensure that results are not aliased by this 
variability, monitoring programmes to assess long-term trends will need to be scientifically and statistically 
robust (See Tables in Section 8).  

o Determine medium to long-term temporal trends in pH and carbonate (calcite and aragonite) saturation state 
chemistry in surface, mode and deep water where appropriate in all OSPAR areas in order to: 

 

Better understand the role of processes such as variation in the extent of deep winter mixing that 
control the properties of the carbonate system in the surface layer of the ocean. 

 

Determine temporal changes to saturation status in deep waters (e.g. track Aragonite Saturation 
Horizon and Calcite Saturation Horizon) which will affect ecosystems such as cold water corals. 

 

Support ecological monitoring and assessment of, for example, sensitive species and habitats 
especially those dependent on calcification, as part of an integrated chemical and biological 
monitoring programme. 
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Fulfil MSFD requirements for monitoring of the carbonate system as included in annex III of the 
Directive1).  

o Carry out a programme of work that ties into and is consistent with other extant and planned global 
monitoring, modelling, assessment and research activities (See section 10).  

o Provide information to validate and improve models to better forecast environmental perturbations and 
ecological risks. 

o Work in conjunction with groups gathering evidence of ecological status, in order to inform national and 
international policymakers of the impacts of increased global CO2 concentrations and underpin the need for 
international agreements to reduce CO2 emissions.  

2 Required measurements and sampling  

2.1 Required measurements  

The four measurable parameters of the carbonate system are total alkalinity (TA), total dissolved inorganic carbon 
(DIC), carbon dioxide fugacity (fCO2) and pH. The chemical equilibria connecting these species in solutions have been 
extensively quantified for seawater. Consequently measurements of any two components allow the concentration of the 
other two to be calculated. However the precision of this assessment varies with the pair chosen. There is no optimal 
choice of parameters and each has advantages and disadvantages (Dickson et al. 2010).  

For these calculations, measurements of temperature and salinity are required with precisions of better than 0.05 oC for 
temperature and 0.1 for salinity to achieve 0.001 precision in calculation of pH.  

When calculating pH from measurements of DIC and TA concentrations of phosphate and silicate need to be known. 
Standard protocols for measuring these parameters in seawater are appropriate. (See MCWG 2010 Annex 13 for 
guidelines on nutrient monitoring). To achieve a pH precision of 0.001, precisions of 0.3 uM and 15 uM for phosphate 
and silicate are respectively required.   

pH and fCO2 can be measured with higher precision than they can be calculated, however the procedures for direct 
measurement of pH are not well established because universally accepted standardisation procedures are only currently 
being developed.  

TA and DIC is the preferred pair for calculation of pH and fCO2 if these are not measured directly.  

TA, DIC and pH together provide full coverage of the inorganic carbon system and also allow check of the internal 
consistency.  

N.B. pH is an operationally defined concept and there are four different scales (U.S. National Bureau of Standards 
(NBS), free scale, total hydrogen ion scale, seawater scale), which result in significantly different numerical values. The 
recommended scale for use in seawater related calculation is the total hydrogen ion scale. It is critical that the scale used 
is reported as part of the meta-data when data is included in a data base. The temperature of the pH measurement must 
also be reported.  

The assessment of change in the carbonate system is greatly assisted when ancillary data are available on hydrography, 
concentration of nutrients, dissolved oxygen and biomass.  

Further details can be found in the EPOCA Project s handbook on acidification research (http://www.epoca-
project.eu/index.php/Home/Guide-to-OA-Research/) and in Dickson, A.G., Sabine, C.L. and Christian, J.R. (Eds.) 
2007. Guide to best practices for ocean CO2 measurements. PICES Special Publication 3, 191 
pp.(http://cdiac.ornl.gov/oceans/Handbook_2007.html)  

2.2 Sampling and sampling platforms   

Ocean acidification monitoring will require a combination of traditional hydrographic surveys and (semi-)continuous 
measurement of key parameters using autonomous instruments deployed on a variety of platforms. Building relevant 
measurements into other related programmes may also support cost-effective monitoring. For example, in some 
locations, incorporation of carbonate parameters into OSPAR eutrophication monitoring may provide a cost-effective 
approach to coastal and inshore monitoring.  

                                                          

 

1 Table 1 of Annex III of Directive 56/2008/EC (MSFD) lists following physical and chemical features among the indicative list of characteristics:    
pH, pCO2 profiles or equivalent information used to measure marine acidification

 

http://www.epoca-
project.eu/index.php/Home/Guide-to-OA-Research/
http://cdiac.ornl.gov/oceans/Handbook_2007.html
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Hydrographic cruises:

 
Traditionally most marine research and monitoring surveys have been conducted using research 

vessels. These still provide the only mechanism by which subsurface samples can be collected over large areas and 
facilitate collection of high quality data for a much broader range of parameters than can be acquired using, for 
example, ships of opportunity. Monitoring of ocean acidification requires regular hydrographic cruises to measure the 
accumulation of anthropogenic DIC in mode waters and in deep waters in the region of sensitive eco-systems such as 
cold water corals. Monitoring of ocean acidification requires observations over large spatial scales because the input of 
atmospheric CO2 is diffuse over the oceans and is not localised like many contaminants that, for example, come from 
estuaries. The standard World Ocean Circulation Experiment (WOCE) suggests a sampling strategy for oceanic studies 
of 30 nautical mile spacing for physical measurements, with higher resolutions in regions of steep topography and 
boundary currents, and 60 nautical miles or better for carbon and tracer measurements [Hood et al. 2010]. Additionally 
high frequency sampling is needed to quantify intra- and inter-annual variability. To achieve the range of sampling 
required other more widely available and cost effective ways of sampling need to be developed and used. Much of the 
carbonate system data that has been collected in the north Atlantic Ocean on hydrographic cruises is now being 
systematically assessed in the CARINA project (see section 10).  

Ships of opportunity (SOO) and FerryBoxes:

 

One mechanism for providing the needed spatial and temporal coverage is 
through the use of ships of opportunity carrying autonomous sensors. These are used widely with great success (Watson 
et al., 2009) for monitoring the surface water pCO2 values. pCO2 is closely related to the pH of the water. pH can be 
calculated successfully (± 0.002) by estimating the TA of the water from the salinity in many areas. The regions in 
which this is possible is being extended by the addition of the routine collection of water samples on these ships by the 
ships crews on a number of underway lines. In areas where such estimates are not available or possible the 
measurement of a second parameter needs to be added for ocean acidification monitoring and research. The activities 
are coordinated globally by the IOC sponsored IOCCP (International Ocean Carbon Coordination Project - 
www.ioccp.org). The extent of global coverage can be seen via the CDIAC web page 
http://cdiac.ornl.gov/oceans/VOS_Program/VOS_home.html.  

Much of the effort of the IOCCP project focuses on the oceans. Within NW European Shelf seas, additional systems 
fitted to FerryBoxes (www.FerryBox.org) could provide a very effective network for monitoring (see below).  

Similarly pCO2 systems have and are being fitted to research vessels operating in shelf seas. This also provides another 
valuable source of data with the advantage that the measurements can be coordinated with process studies on the 
research vessel. (In the UK this has been coordinated in the Carbon-OPS project (www.bodc.ac.uk/carbon-ops, 
Hardman-Mountford et al. 2008).  

Buoy/Moorings:

 

Instrumented buoys and moorings also provide platforms for the collection of detailed time series data 
see http://cdiac.ornl.gov/oceans/Moorings/moorings.html

 

& http://www.eurosites.info/. At present, technologies for 
autonomous moorings are not fully mature. Several different strategies are being employed in the development of 
reliable instrumentation and sensors. The Batelle pCO2 buoy systems, developed by NOAA and MBARI, are currently 
used operationally in the US for open ocean and shelf-sea monitoring systems, with more than 20 systems deployed to 
date.  

3 Suggested sampling   

3.1 Rationale  

At present we lack reliable knowledge on how ocean acidification is likely to progress in different areas. The 
information that is available suggests that the rate of change is variable with both time and location. Observations need 
to document current variability in the full spectrum of areas covered by OSPAR from the open Atlantic and Arctic 
Oceans to estuarine regions. It is essential that we have knowledge of the daily to seasonal to inter-annual variations in 
each area. This knowledge is required for the design of a long term monitoring programme that will avoid aliasing 
assessments due to a poor knowledge of short term variability. Relevant recent and planned activities in the OSPAR 
area are listed in section 7.  

Monitoring needs to cover the range of waters from estuaries, shelf seas, ocean mode waters and abyssal waters where 
sensitive ecosystems may be present. That is the spectrum of waters in all OSPAR areas. Particular emphasis should be 
placed on key areas at risk within the OSPAR area, for example high latitudes where ocean acidification will be most 
rapid, and areas identified as containing ecosystems and habitats which may be particularly vulnerable, e.g. cold water 
corals.   

Much of the required monitoring can be done in conjunction with existing activities carried out by operational agencies 
and scientific groups making sustained observations. Work will need to be done using the range of platforms described 
in section 2.2.  

http://www.ioccp.org
http://cdiac.ornl.gov/oceans/VOS_Program/VOS_home.html
http://www.FerryBox.org
http://www.bodc.ac.uk/carbon-ops
http://cdiac.ornl.gov/oceans/Moorings/moorings.html
http://www.eurosites.info/
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High repeat rate observations will be necessary in the first phase for example sampling of shelf seas should be carried 
out with an a minimum of a monthly repeat rate. For off shelf work coordination is required with regular hydrographic 
cruises which are being under taken at least once a year such as IEO s cruises in the Bay of Biscay and NERC Ellett 
Line cruise between Scotland and Iceland.   

3.2 Suggested measurements scheme based on locations for representative monitoring that exist or could be 
rapidly established  

 

Figure 3.1 Map of the OSPAR maritime area   

3.2.1 Open Ocean 

 

Arctic, Atlantic (areas 1 & 5)  

In the long term, the accumulation of CO2 in ocean waters will determine what happens in shelf seas as these are the 
main source waters for the shelf.  

SOO (Ships of Opportunity)

  

An effective basis for monitoring of surface waters exists in the SOO operations that are 
already being conducted for the study of air-sea CO2 fluxes. These may in future be supported by ICOS. For the study 
of acidification, measurement of TA is planned to be added to the work on lines that are being included in national OA 
measurement programmes.  

At present, measurements in the surface are under taken by:  



136  ICES Advice 2010, Book 1 

1. UK (UEA) 

 
Portsmouth- Caribbean 

 
with a time series extending back to the 1995/6 and continuous from 

2002. This samples water adjacent to NW European shelf and the route crosses the PAP mooring site (which 
provides data on deep mixing). (pending CarboChange,) 

2. No (UB) 

 
Copenhagen- Greenland route sampling on this route began in 2002. Provides data from OSPAR 

areas 1, 2 & 5 (pending CarboChange) 
3. No (NIVA) New SOO line Tromso to Spitsbergen 

 
existing SOO line to which CO2/TA measurements could 

be added to collect data in the Arctic. Should be supported due to the potential sensitivity of Arctic waters to 
acidification.  

Hydrography:

 
Knowledge is needed of: (1) the variability of sub-surface CO2 accumulation and transport back to the 

surface as result of variation in the depth of deep winter mixing, (2) subsurface structures of water adjacent to the shelf 
that are source waters to the shelf. (3) the change in saturation state of aragonite and calcite. This requires cruises that 
are conducted on a regular basis reoccupying the same stations at least once per year. Consideration needs to be given to 
sampling in deep waters in the location of potentially sensitive ecosystems such as cold water corals.  

This type of hydrographic measurements are undertaken by:  

1. Es (IEO) winter and summer cruises in the Bay of Biscay. The Bay of Biscay is a system with limited amount 
of advection in the deeper waters making it a good location to study as changes tend to be due to local vertical 
processes rather than large scale advection. (Spanish monitoring funded 

 

CO2 is not supported for regular 
work.) 

2. UK (NERC) Ellett Line Scottish west coast to Iceland (samples in OSPAR areas 3 & 1/5) surveys 

 

annual or 
more frequent surveys through the source waters for the North Sea. 

 

(measurements of TA/DIC are not 
supported for regular work; surface pCO2 has been measured for 3 years through the CarbonOPs project) 

3. IC (MRI) Time series measurements (quarterly) of carbon parameters in the Irminger and Iceland Seas as a 
part of repeat hydrography network (OSPAR area 1)  

4. Other relevant hydrographic cruises on the northern edge of the North West European shelf are conducted by 
Norwegian MRI and UK Marine Scotland. The Marine Institute with the National University of Ireland 
Galway (IE) have conducted surveys extending across the Rockall Trough to the west of Ireland.   

Buoy/Moorings:

 

Buoys and moorings provide high resolution data on both the air sea transfer of CO2 and deep mixing 
related transport.  

At present mooring measurements are undertaken by:  

1. UK (NOCS) Porcupine Abyssal Plain -PAP observatory mooring (OSPAR region 5) 

 

pCO2 measurements 
were made successfully at this site in 2005 and a newly designed mooring with measuring pCO2 will be 
deployed in May 2010. This site is important as the observations complement those made by the UEA SOO 
line (see above) and are in an area of the N Atlantic where we now know CO2 uptake is variable but the cause 
of the variability has not been defined. 

2. No UB Ocean Weather-ship Station Mike site (OSPAR region 1): Time series of information for CO2 at this 
site is available up to 2009. A mooring replacing the Weather-ship is planned.  

3.2.2 Open Seas North, Celtic and Iberian (areas 2,3,&4)  

A key to understanding the impact of OA in open shelf seas is the identification of the transition between waters that are 
influenced by changes in the ocean source waters and those waters where local shelf sea processes are important, such 
as river inputs or interaction with sea bed processes such as denitrification.  

SOO

  

SOO based observations provide the most cost-effective way of monitoring this transition. This can be done in 
the North Sea using one line that is already instrumented for pCO2 observation which runs North/South. A second 
orthogonal SOO line is operated at the moment but needs to be upgraded for pCO2 measurements.  

1. No (UB) & N (NIOZ). SOO line Bergen 

 

Amsterdam has been making pCO2 measurements since 2006 
2. No (NIVA) & UK (Marine Scotland). SOO line Bergen 

 

Aberdeen recommended to add pCO2 to look at the 
inflows and outflows to the North Sea  

Hydrography 

 

detailed surveys of the greater North Sea have been undertaken by NIOZ in 2001/2 (4 seasons), and the 
summers of 2005 and 2008, with a new survey planned for summer, 2011. These provide considerable background 
knowledge on regional difference and the ability to estimate fluxes to and from the North Sea. These are research 
exercises rather than the basis for a cost effective monitoring programme. In recent years the Marine Institute/National 
University of Ireland Galway (IE) have undertaken surveys of shelf waters to the west of Ireland, including an annual 
winter transect on 53 N that further extends NW across the Rockall Trough (region 5). 
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3.2.3 Coastal and Estuarine  

Regions of fresh water influence (ROFI) are already areas of concern for marine monitoring because of high inputs of 
nutrients and enhanced levels of production and respiration. These should also be monitored for pH because of the 
associated enhancement in the variation of the acidity (e.g. Rhine and Thames plumes in the North Sea). Coastal waters 
are complex environments in which pH changes are determined by processes that control both the DIC and TA content 
of the water. These waters need to be studied both from the point of view of their potential vulnerability to ocean 
acidification and because the pH is an important variable affecting the speciation of other components such as ammonia 
and trace metals making them more or less available to biota. In these areas studies of acidification need to be fully 
integrated with existing monitoring which provides information on the processes driving changes in the carbonate 
system.  

OSPAR should look to promote and support work that covers the range of coastal and estuarine areas, from relatively 
pristine regions with fresh water inputs that are low in both nutrients and organic carbon such as those on the west 
coasts of Scotland, Norway and Sweden, to the estuary of the Scheldt which has high inputs of organic carbon and the 
Thames and Severn with high inputs of nutrients.  

Collection and preservation of samples for the determination of carbonate species is a relatively simple task so that 
potentially many existing coastal and estuarine monitoring programmes could be extended to include the collection of 
the required samples. The degree to which this can be done will depend on the capability and capacity of individual 
national groups to measure the samples. Certainly, additional funding commitments will need to be obtained from the 
government departments responsible for financing national monitoring programmes. Initially this might be done by 
subcontracting the processing of samples to laboratories which already have a recognised capability in these 
measurements.  

Existing work which provide example of the approach needed include:-  

 

UK PML Stations E1, L4 Coastal sites salinity >34. Existing monitoring on a monthly and weekly basis 
respectively in surface and subsurface waters. These sites represent relatively pristine waters. These also 
provide a historical context to changes in hydrography that can in the case of the E1 site be traced back over 
100 years. 

 

NL RIKZ/Deltares Dutch Coastal Grid; high flow. 

 

UK NERC POL Liverpool Bay; high load and production. 

 

BE Scheldt Estuary; high nutrients and high organic input, low pH, high CO2 water. 

 

Other key areas are the rivers Gironde and Loire which have high flows greater than that of the Rhine.  

4 Methods, Quality Control and Quality Assurance  

4.1 Methods   

Work on ocean acidification will build on the research and development activities that have gone into the precise 
studies of carbonate chemistry and the work of the CO2 gas transfer community. Current best practice for the analyses 
has been carefully described by Dickson et al (2007) in a series of standard operating procedures that cover both the 
methods and basic quality control procedures. The Dickson manual is available on line at 
http://cdiac.ornl.gov/oceans/Handbook_2007.html. Further relevant information is also being compiled by the EPOCA 
project and is available at http://www.epoca-project.eu/index.php/Home/Guide-to-OA-Research/. (Dickson et al. 2010).  

The basic methods in common use are :  

 

TA: Potentiometric titration (open or closed cell) 

 

DIC: Acidification followed by infrared detection or coulometric titration 

 

pH: Spectrophotometric detection or glass electrode. 

 

fCO2: Sea water in equilibration with air and infrared detection 
Details of the equipment available to carryout the analyses and current suppliers of the equipment can be found on the 
IOCCP webpages at http://www.ioccp.org/Sensors.html. Following best practice it is considered that experienced 
laboratories should be able to attain the following precisions when making direct measurements of particular variable.  

 

TA: For closed cell ± 3 µmol kg-1, for open cell ± 1.0 µmol kg-1 

 

DIC: ± 1.5 µmol kg-1  

 

pH:  
o Spectrophotometrically ± 0.001 pH units 
o Glass electrode 0.003 pH units 

http://cdiac.ornl.gov/oceans/Handbook_2007.html
http://www.epoca-project.eu/index.php/Home/Guide-to-OA-Research/
http://www.ioccp.org/Sensors.html
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fCO2: ± 1-2 µatm   

4.2 Calibration and quality control  

4.2.1 DIC and TA  

To assess measurement accuracy certified reference materials (CRM) are available to control measurements of DIC and 
TA. The carbonate analysis community has set up a reference material supply service provided by Andrew Dickson s 
laboratory at the Scripps Institute of Oceanography (University of California). This operation is part funded by NSF and 
runs on a non profit basis. These reference materials consist of natural sea waters sterilized by a combination of 
filtration, ultra-violet radiation and addition of mercuric chloride. They are bottled in 500 ml borosilicate glass bottles 
sealed with greased ground glass stoppers. Each batch prepared is then analysed for salinity, total dissolved inorganic 
carbon and total alkalinity, using the best available methodologies. (http://andrew.ucsd.edu/co2qc/index.html).  

A cause for concern is the future supply of CRMs. Presently these are produced on limited scale ( cottage industry ) in 
Andrew Dickson s laboratory. Increased research into ocean acidification has the potential to increase the demand for 
CRMs beyond the capacity of this laboratory. Dickson is working with Akihiko Murata (JAMSTEC, Japan) and others 
to develop an alternative and larger source of supply.  

The Dickson CRMs are used widely to control the accuracy of DIC and TA measurements, however there is no 
feedback of the data obtained by individual laboratories. The ICES MCWG was one of the first groups to recognise the 
value of intercomparison exercises in improving the comparability of data from different laboratories and this lead to 
the establishment of QUASIMEME ("Quality Assurance of Information for Marine Environmental Monitoring in 
Europe" 

 

www.QUASIMEME.org). MCWG 2010 discussed the possibility of using the Dickson CRMs as the basis of 
a laboratory performance study for determinations of DIC and TA with the QUASIMEME representative.  

4.2.2 pCO2  

The NOAA Carbon Cycle Greenhouse Gases Group (CCGG 
http://www.esrl.noaa.gov/gmd/ccgg/refgases/stdgases.html) is presently responsible for maintaining the World 
Meteorological Organization mole fraction scales for CO2, CH4, and CO. With the mission of propagating this scale for 
data intercomparison, CCGG can fill and calibrate compressed gas cylinders for use as standard reference gases by 
other laboratories for measurements of CO2, CH4, CO, and the stable isotopes of CO2 (

13C and 18O). These gases form 
the basis of calibration of the non-dispersive infra-red (NDIR) analysers that are used as the detector in most underway 
pCO2 systems. Depending on the design of the system, two to four different concentrations of gas are used to provide 
regular calibrations. This enables accuracies of better than 1 atm CO2 to be achieved by some systems.  

4.2.3 pH  

At present no CRM is available for pH measurements. For work in seawater the measurement system needs to be 
calibrated with buffer solutions made up in water of similar ionic strength to the seawater being measured. The buffer 
compound used is TRIS (2-amino-2-hydroxymethyl-1,3-propanediol). Carefully prepared solutions have a high level 
of stability with a drift rate typically  0.0005 pH units per year (Nemzer and Dickson, 2005).  The uncertainties arising 
from the preparation of such buffers is typically less than 0.002 in pH.   

5 Novel methods and platforms  

5.1 Methods  

Methods for the determination of DIC and TA in discrete water samples and underway measurement of pCO2 using 
equilibrator based systems are now well established. However measurements of DIC and TA are relatively time 
consuming with throughput of only 3 measurements per hour when using the VINDTA system. There are obvious 
advantages to speeding up processing which ideally should be developed to a state where it could operate as part of an 
autonomous system. Measurements of pH using glass electrodes have been a cause of concern in recent years because 
of problems with both the stability of electrodes and the production of suitable buffer solutions. Recent developments 
on both fronts have lead to reassessment of the approach and further work is continuing in this area. The electrode 
approach looks like it will be best suited to use in the laboratory. Colorimetric methods are working well in some 
laboratories (IMM Vigo for example). Colorimetry has been used in experimental underway system (Bellerby et al., 
1995: Friis et al., 2004) and this has lead to a number of development projects to produce instruments that can be 
operated reliably as part of underway systems.  

Developments in sensors and instruments were reviewed by Schuster et al. (2009b) and Byrne et al. (2010) as were 
potential applications in the coastal ocean by Borges et al. (2010). 

http://andrew.ucsd.edu/co2qc/index.html
http://www.esrl.noaa.gov/gmd/ccgg/refgases/stdgases.html
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5.2 Platforms  

Moorings: moorings such as the Smart-Buoys operated by CEFAS have considerable potential to provide a platform for 
carbonate system measurements in coastal seas. Presently problems with the reliability of pCO2 and pH sensors and 
their potential for bio-fouling need to be addressed 

 
evaluations of likely systems are being carried out by ACT 

(Alliance for Coastal Technologies - www.act-us.info). See section 5.3.  

Argo floats: Currently available sensors for carbonate variables have response times that are too slow and power 
consumptions which are too high for use either on Argo floats or gliders. However those working on the miniaturisation 
of systems are aware that the study of the carbonate system would be greatly enhanced if fitting suitable sensor to Argo 
Floats and Gliders were possible.   

5.3 On going developments  

The meeting developed the following summary of ongoing developments.  

5.3.1 pCO2 on moorings:   

Measurements of pCO2 on mooring have been made less widely than on SOOs and the technology is less mature than 
for underway systems. Particular issues to be considered for mooring applications are long term stability of sensors, 
biofouling and power consumption. Measurements may be made with high temporal resolution from such platforms but 
have low spatial resolution.   

a) Pro Oceanus (http://www.pro-oceanus.com/products_CO2.html), taking part in the Alliance for Coastal 
Technology evaluation of in situ pCO2 analysers (http://www.act-us.info/evaluation/rft.php)   
accuracy ± 1ppm CO2, precision ±0.01 ppm CO2 

b) Battelle (NOAA) http://www.battelle.org/seaology/

  

accuracy 0.01 ppm CO2, precision  ~1ppm CO2 

c) Contros (www.contros.eu)  
accuracy  < 10ppm CO2 

d) SAMI 2-CO2 (http://www.sunburstsensors.com/), taking part in the Alliance for Coastal Technology 
evaluation of in situ pCO2 analysers (http://www.act-us.info/evaluation/rft.php)  
accuracy ± 3 ppm CO2, precision <1ppm CO2, long term drift <1ppm CO2 over 6 months 

e) CARIOCA (http://www.dt.insu.cnrs.fr/carioca/carioca.php)  
accuracy ± 3 ppm CO2, precision ±1 ppm CO2  

5.3.2 pCO2 on vessels:   

pCO2 measurements have been made on vessels since the mid 1990s and the technology is more mature than that for in 
situ measurement systems. A mixture of commercial and custom made systems exist. Measurements made on regular 
transects, such as from ferries and shipping lines, allow a system to be characterised over time. Measurements made 
from research vessels may provide wider spatial resolution but lower temporal resolution.  

a) Pro OCEANUS (http://www.pro-oceanus.com)  
accuracy ± 1 ppm CO2, precision ± 0.01 ppm CO2  

b) General Oceanics (http://www.generaloceanics.com/home.php?cat=69)  
accuracy ± 1ppm CO2, precision 0.01 ppm CO2  

c) Dartcom-PML (http://www.bodc.ac.uk/carbon-ops/instrumentation/telemetry_and_pco2/)  
accuracy ± 1 ppm CO2, precision (LI-COR) 0.01 ppm, repeatability 0.2 ppm CO2. 

d) Kimoto air marine CO2 system (Japan)  
accuracy ?, precision ± 0.3 ppm CO2, minimum detectable 0.1 ppm CO2 

e) Contros (www.contros.eu)  
accuracy  < 10 ppm CO2 

f) SAMI 2 

 

CO2(http://www.sunburstsensors.com/)  
accuracy ± 3 ppm CO2, precision < 1 ±ppm CO2, long term drift < 1ppm CO2 over 6 months 

g) Apollo SciTech (http://www.apolloscitech.com/PCO2.htm)  
Repeatability better than ±1 ppm CO2  

5.3.3 pH:  

SAMI2 pH  (http://www.sunburstsensors.com/) designed for mooring and underway, measured on the total hydrogen 
ion scale precision ±0.001 pH, accuracy ±0.003 pH, long term drift 0.001 pH over 6 months.  

http://www.pro-oceanus.com/products_CO2.html
http://www.act-us.info/evaluation/rft.php
http://www.battelle.org/seaology/
http://www.contros.eu
http://www.sunburstsensors.com/
http://www.act-us.info/evaluation/rft.php
http://www.dt.insu.cnrs.fr/carioca/carioca.php
http://www.pro-oceanus.com
http://www.generaloceanics.com/home.php?cat=69
http://www.bodc.ac.uk/carbon-ops/instrumentation/telemetry_and_pco2/
http://www.contros.eu
http://www.sunburstsensors.com/
http://www.apolloscitech.com/PCO2.htm
http://www.sunburstsensors.com/
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6 Data management and assessment  

Mechanisms to ensure timely data availability need to be considered and the barriers to this to achieving this addressed. 
As much relevant data is generated as part of research programmes, often by academic institutions, there may be a 
reluctance to report, especially unpublished, data. Nonetheless, the OA research community recognise the need for 
efficient data flows and products ultimately to inform stakeholders and policy development (Pesant et al. 2010).  

Data may be dispersed in a range of national and international projects (e.g. CARBOOCEAN, EPOCA) data centres. 
Data should be reported to both the Carbon Dioxide Information Analysis Center (CDIAC - 
http://cdiac.ornl.gov/oceans/home.html) and to the ICES data repository. Reporting data to the ICES data repository 
enables it to be linked to many related OSPAR datasets e.g. nutrients and integrated ecosystem data. Globally most 
research groups measuring carbonate parameters submit data to CDIAC. CDIAC has established reporting formats for 
these data and metadata, and has worked with the community to develop systems for effective data access and review 
such as the SOCAT (Surface Ocean CO2 Atlas). ICES should consider how data reporting would evolve so that relevant 
data is available and accessible to both databases without replicating reporting requirements. Harmonised data 
vocabularies and meta-data reporting requirements need to be elaborated. Metadata should include details of 
methodologies and protocols including and protocols used for calculating parameters that are not directly measured.   

ICES felt that the assessment process is one that needs further development. This needs to be done in co-ordinated way 
and be a process that includes chemists, ecologists and modellers to ensure that the data is used effectively. It was seen 
that numerical models could be used both to identify key areas at risk and guide the targeting of the monitoring 
programmes. The monitoring programme should also be designed to both support those modelling activities and 
respond to the findings of those activities.  

Assessment should be based on:  

 

The collection of data in all OSPAR regions. 

 

An international and co-ordinated programme of long term observations. 

 

Consistently measured data that are reported promptly with the appropriate meta-data. 

 

Assessment at an international level, in association with appropriate relevant global scientific activities 
(Currently IMBER for example). 

 

The key assessment will be the identification of temporal trends  

 

The development of appropriate indicators for summarising findings for OSPAR, EEA and national policy 
related agencies.    

http://cdiac.ornl.gov/oceans/home.html
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7 Summary of past and current measurement activities in the OSPAR area and Baltic Sea  

Listed are measurements on larger scientific cruises and/or repeated sections, time-series stations, ships of opportunity (SOO) and moorings that the group are presently aware of.  
The list should be considered to be incomplete.  

Note: Only some of the listed activities have long term funding commitments (greater than five years) as part of national monitoring programmes. If OSPAR/MSFD require nations 
to monitor ocean acidification, long-term funding would need to be put in place.  

Land/institute

 
Area

 
Platform/type

 
Parameters

 
Time

      

Area I 

 

Nordic Seas and Arctic Ocean 
Iceland / MRI Iceland Sea & Irminger Sea Single time-series stations DIC, discreet pCO2, pH 1983-2010 
Norway / UiB & Bjerknes 75° N transect Research cruises DIC, TA 2003, 2006, 2008? 
Norway / UiB & Bjerknes OWS M Monthly profiles DIC, TA ?-2009 
Norway / UiB & Bjerknes OWS M Continuous pCO2

 

2005-2009 
Norway / UiB & Bjerknes Nordic Seas G. O. Sars (research vessel) Underway pCO2

 

? 
Sweden / UG Arctic Ocean Research cruises DIC, TA, pH 2005, ? 
Germany / AWI? Nordic Seas (Greenland Sea?) Research cruises ? ? 
Germany / ? Irregular Polarstern Underway pCO2

  

Norway / UiB & Bjerknes Aarhus 

 

Nuuk SOO (Nuka Arctica) Underway pCO2

 

? 
Iceland / MRI Icelandic waters? Bjarni Saemundsson Underway pCO2

 

1995-2010 (irregular) 
Iceland / MRI Icelandic waters? Bjarni Saemundsson Research cruises 4 / year  
UK Ellett Line

 

Greenland 

 

UK Scientific cruise Hydrography 2008?? 
Ferry-box line up to Svalbard     

 

Area I- North Sea 
Norway / UiB & Bjerknes Bergen 

 

Amsterdam SOO / weekly Underway pCO2

 

2005-2009 
Netherlands / ?     
Norway / UiB & Bjerknes Aarhus 

 

Nuuk SOO (Nuca Arctica) Underway pCO2

 

? 
Belgium / ULg Southern Bight of North Sea Weekly to monthly, Belgica Underway pCO2

 

2000-on going 
a (research vessel)    
UK / NOCS Stonehaven Single time-series station ? ?  
Netherlands / NIOZ Basinwide North Sea Research cruises ? 2001, 2005, 2008? 
UK / NOCS English Channel SOO (Pride of Bilbao) DIC, TA Since 2005 
UK /PML English Channel (E1, L4) Weekly (L4) & monthly (E1) TA/DIC 2008- 
UK /PML English Channel (E1, L4) Weekly (L4) & monthly (E1) Underway pCO2Transects 

(Plymouth Quest)  
Netherlands / NIOZ Southern Bight of the North Sea / German 

Bight 
JetSet (53°N; 4° 46'E)Weekly 
time-series 

Underway DIC, TA? ? 

Belgium / ULg Ste Anna (Scheldt estuary) Fixed station, continuous pCO2

 

2002-on going 
Belgium / ULg / NIOO R/V Luctor monitoring (Scheldt estuary) monthly cruises pCO2, TA

 

2008- on going 
Planned activities 
CEFAS (UK): Install pCO2 system on R/V 
Endeavour     



 

142 ICES Advice 2010, Book 1 

Land/institute

 
Area

 
Platform/type

 
Parameters

 
Time

  
Area III 

 
North-western Atlantic shelf and Celtic Sea 

UK / CEFAS Liverpool Bay Buoy, DEFRA tests pCO2

 
2010 

UK / PML Holyhead 

 
Dublin, Prince Madog (research Underway pCO2

 
2006-2009 

UK / PML Irish Sea Coastal Observatory RV (quasi-monthly) Underway pCO2Transects 
(Prince Madog) 

2007- 

Ireland / MI Mace Head Coastal Atmospheric research 
station 

Buoy pCO2 2008- 

Ireland / MI&NUIG Irish Shelf (AreaIII) and off-shelf(area V) RV Celtic Explorer Underway pCO2

 
2009- 

Ireland / NUIG&MI Irish Shelf (AreaIII) and off-shelf(area V) Research Cruises TA, DIC 2008 - 
Belgium / ULg Celtic Sea Research cruises, OMEX-II, 

CCCC, PEACE 
pCO2, TA, pH 97-99, 2002, 2004, 2006-

2009 

 

Area IV 

 

UK / NOCS? Portsmouth - Spain SOO (Pride of BIlbao), 
2/week 

Underway pCO2 2005 

IEO-Santander / IIM-VIGO Cantabric Sea and west coast VACLAN cruises Underway pCO2 , pH, TA 2005- 
IEO-Gijon Cantabric Sea Radiales project pH, TA 2010- 
Belgium / ULg Iberian upwelling system Research cruises (OMEX-II) pCO2, TA, pH 97-99 
Planned activities 
IEO-Santander AGL Buoy(49°N; 16.5°W) Mooring pH 2011 
IEO-Santander Cantabric Sea Radiales project pH, 2011 
IEO-Vigo Cantabric Sea Radiales project Underway pCO2 pH 2010 

      

Area V 

 

Open Atlantic Ocean 
Germany / ? Liverpool - Halifax SOO (A. Companion) 2 per 5 weeks Underway pCO2

 

2005 
USA / France Charleston 

 

Reykjavik SOO (Skogafoss) 12 / year Underway pCO2

 

2005 
UK / UEA Portsmouth (UK) Windward Islands - SOO (Santa Lucia/Santa 

Maria) 
Underway pCO2 /monthly 

2002- 
France / Lefevre France 

 

French Guiana SOO (MN Colibri) ~6/year Underway pCO2

 

2006- 
France / Lefevre France 

 

Brazil SOO (Monte Olivia) ~6/year Underway pCO2

 

2007- 
Spain / ULPGC Goteburg 

 

Durban SOO (Quima) Underway pCO2

 

2005- 
UK / NOCS Porcupine Abyssal Plain  (49°N; 16.5°W) Mooring pCO2

 

?- 
Spain OVIDE, Iberian Peninsula- Research cruise

 

Underway pCO2,pH,TA 2002-2010 
Spain Spain-Antartic SOO Underway pCO2

 

2000-2009 
Spain GIFT (35.862°N, 5.974°W) Time series station water column pH, TA

 

2005- 
France / ? MAREL (48°22'N; 4°33'W) Mooring pCO22003-  
UK / NOC/UEA 26° N line ? ? ? 
Ireland / NUIG&MI off-Shelf Rockall Trough Research Cruises TA, DIC 2008- 

 

Planned activities 
Spain / ? OVIDE, Iberian Peninsula/ Greenland - Research cruise ? 2010 
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Land/institute

 
Area

 
Platform/type

 
Parameters

 
Time

  
Baltic Sea 
Sweden / SMHI Swedish waters Monitoring cruises? TA, pH ? 
Germany / IOW/Schneider  Helsinki 

 
Lübeck SOO Underway pCO2

 
Germany / IFM-GEOMAR Boknis Eck (54.52°.N 10.03° E) Time-series station ? ? 
Germany / ? ? Research cruises ??  
Estonia/Lipps Helsinki 

 
Talin SOO Underway pCO2

 
2010 

Planned activities  
Sweden / SMHI Kemi - Gothenburg Baltoc SOO Underway pCO2

 
2010 
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8 Summary of spatial and temporal information for the OSPAR area  

To avoid aliasing the interpretation of results from long term monitoring, the programme has to be designed to take into 
account shorter term variability in the system. The current state of knowledge of the variability of the system is 
summarised here.  

Figure 1 provides information on cross-system variability and the range of spatial and temporal variability of seawater 
carbonate chemistry variables. In general, the dynamic range of pH tracks that of pCO2. The dynamic range of pCO2 

and of pH is more intense in estuarine environments and decreases towards marginal seas, showing intermediate 
dynamic range in near-shore and coastal upwelling systems. Estuaries show the largest dynamic range in TA, followed 
by near-shore ecosystems (due to the influence of runoff) and then marginal seas (related to strong gradients in the 
Arctic Ocean also due to the influence from runoff).  

Table 1 summarizes available information on the temporal variability of seawater carbonate chemistry variables in the 
OSPAR regions from daily to inter-annual time scales. The daily variability due to the night-day cycle of biological 
activity (photosynthesis and respiration) is relatively uniform across the OSPAR regions, and 2 to 10 times lower than 
the seasonal amplitude. Note that these studies were carried out during the most productive periods of the year, typically 
in spring. During other less productive seasons (undocumented to our best knowledge) the daily variability is expected 
to be lower or even below detection levels. Pelagic calcification seems to be at cellular level coupled to photosynthesis, 
hence, it is also expected to follow a day-night cycle. Based on field studies (e.g. Robertson et al. 1994; Harlay et al. 
2010; Suykens et al. 2010), the maximal drawdown of TA during blooms of pelagic calcifiers is ~30 µmol kg-1, for a 
characteristic time scale typically of 15 days (roughly equating at a drawdown of TA of ~2 µmol kg-1 per day). Thus, 
the impact of pelagic calcification at daily scale on seawater carbonate chemistry is expected to be close to or below 
detection limits. In regions of strong horizontal salinity gradients (near-shore coastal environments such as Irish Sea, 
English Channel and Southern Bight of the North Sea), the tidal displacement of water masses leads to sub-daily 
variability of seawater chemistry that is equivalent or higher than the daily variability due to the day-night cycle of 
biological activity. For instance tidal variations of TA and pCO2 of, respectively, 50 µmol kg-1 and 50 µatm have been 
reported in the Southern Bight of the North Sea (Borges and Frankignoulle 1999).  

Seasonal variations of seawater carbonate variables are mainly related to biological activity (organic carbon 
production and degradation, CaCO3 production and dissolution) and to physical structure of the water column (mixing 
and stratification), and to the thermodynamic effect of seasonal temperature changes for pCO2 and pH. The amplitude 
of the seasonal variations of seawater carbonate variables is strongest in OSPAR region II (North Sea), and more or less 
equivalent in the other four OSPAR regions (Table 1).  

Inter-annual variability of seawater carbonate variables is strongest in OSPAR region II (North Sea), and roughly 
equivalent in OSPAR regions III, IV and V and lowest in OSPAR region I (Table 1). Except for OSPAR region I, inter-
annual variations are equivalent to the amplitude of seasonal variations. Table 1 shows the maximum inter-annual 
variations that are typically observed during the most productive season (spring). Inter-annual variability of seawater 
carbonate variables is usually lower during the other periods of the year (e.g. Schiettecatte et al. 2007; Omar et al. 2010 
for the North Sea). Inter-annual variability of the seawater carbonate variables is related to variable river inputs in near-
shore ecosystems (Borges et al. 2008a), to biological activity in near-shore and off-shore ecosystems (Borges et al. 
2008a; Omar et al. 2010), to vertical mixing (Borges et al. 2008a;b Dumousseaud et al. 2009), and to changes in 
temperature (Dumousseaud et al. 2009; Omar et al. 2010). These drivers of inter-annual variations interact; for instance, 
milder and warmer years will be characterized by lower winter-time mixing that will lead to a lower seasonal 
replenishment of nutrients and lower primary production, but also a lower vertical input of DIC (e.g., Borges et al. 
2008b).  

Spatial gradients of seawater carbonate variables can be related to the heterogeneity of water masses and will to some 
extent track the spatial gradients of salinity or of temperature. Spatial gradients of seawater carbonate variables can also 
be related to the more or less marked patchiness of biological activity. The spatial gradients of seawater carbonate 
variables are strongest in the Iberian upwelling region of OSPAR region IV, followed by OSPAR region II (Table 2). 
Note that we reported in Table 2 the large scale spatial gradients (at basin scale), but mesoscale spatial gradients can be 
much more intense such as across frontal structures (Borges and Frankignoulle 2003) or across river plumes (Borges 
and Frankignoulle 1999).  

Long-term changes of pH are poorly documented and most available information on long-term changes of seawater 
carbonate variables is based on the analysis of seawater pCO2 data. In all OSPAR regions, the reported rate of increase 
of pCO2 in seawater is equivalent or higher than the increase of atmospheric CO2 (Table 3). The fact that pCO2 could be 
increasing faster in surface waters than in the atmosphere has been attributed to changes in circulation both in terms of 
vertical mixing (Corbière et al. 2007) and in terms of horizontal distribution of water masses (Thomas et al. 2008), or to 
the decrease of buffering capacity of seawater (Thomas et al. 2007). In near-shore regions influenced by river inputs, 
such as the Southern Bight of the North Sea, the decadal changes of seawater carbonate variables due to changes in 
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nutrient inputs have been evaluated by model simulations to be more intense than expected from the response to ocean 
acidification (Gypens et al. 2009; Borges and Gypens 2010). The effect of eutrophication on carbon cycling could 
counter the effect of ocean acidification on the carbonate chemistry of surface waters. But changes in river nutrient 
delivery due to watershed management could also lead to stronger changes in carbonate chemistry than ocean 
acidification. Whether antagonistic or synergistic, the response of carbonate chemistry to changes of nutrient delivery to 
the coastal zone (increase or decrease, respectively) could be stronger than ocean acidification (Borges and Gypens 
2010).  

Note that the long-term yearly rates of change of pCO2 and pH are close or below the analytical detection level. Also, 
the long-term yearly rates of change of pCO2 and pH are between 3 and 10 times lower than the typical inter-annual 
variability of these quantities in the OSPAR regions (Table 1). This implies that to detect long-term changes of seawater 
carbonate variables, a sustained monitoring of more than 10 years is required to obtain a signal that is analytically 
significant and discern the long-term trend from natural inter-annual variability.  

Figures and Tables  
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Figure 1 Range of spatio-temporal variability across different coastal environments of the partial pressure 
of CO2 (pCO2), pH and total alkalinity (TA). Adapted from Borges et al. (2009).  
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Table 1 Amplitude of daily and seasonal variations and inter-annual variability of the partial pressure of 
CO2 (pCO2), total alkalinity (TA), pH and dissolved inorganic carbon (DIC) in the OSPAR 
regions. The variations of pH and DIC were computed from pCO2 and TA and were broken down 
into changes due to pCO2 ( pCO2) and due to TA ( TA).

  
OSPAR region pCO2 (µatm) TA (µmol kg-1) 

pH DIC (µmol kg-1) 
pCO2

 
TA

 
pCO2

 
TA

 
Amplitude of daily variations (maximum, i.e. most productive period)   
I 20 a ~0 0.020 ~0 10 ~0 
II 20 b ~0 0.020 ~0 10 ~0 
III 15 b ~0 0.015 ~0 7 ~0 
IV 15 b ~0 0.015 ~0 7 ~0 
V 20 a,c ~0 0.020 ~0 10 ~0 
Amplitude of seasonal variations          
I 45 d 20 h 0.047 0.003 23 17 
II 220 e 60 i 0.309 0.010 175 52 
III 70 b 50 b,j 0.075 0.008 37 43 
IV 30 f 20 k 0.031 0.003 15 17 
V 60 g 20 h 0.064 0.003 31 17 
Inter-annual variability    
I 5 l ? 0.005 ? 2 ? 
II 150 e ? 0.183 ? 96 ? 
III 50 k 20 b 0.052 0.003 25 17 
IV 50 k 10 k 0.052 0.002 25 9 
V 20 m ? 0.020 ? 10 ? 
a Robertson et al. (1993) ; b Frankignoulle and Borges (2001) ; c Borges and Frankignoulle (2001) ; d Olsen et al. (2008); e Omar et 
al. (2010) ; f Borges and Frankignoulle (2002); g Schuster & Watson (2007); h Robertson et al. (1994); i Thomas et al. (2009); j 

Harlay et al. (2010); k Dumousseaud et al. (2009); l Nakaoka et al. (2006); m Santana-Casiano et al. (2007)   

Table 2 Typical spatial gradients at basin scale (per 100 km) of the partial pressure of CO2 (pCO2), total 
alkalinity (TA), pH and dissolved inorganic carbon (DIC) in the OSPAR regions. The variations of 
pH and DIC were computed from pCO2 and TA and were broken down into changes due to pCO2 

( pCO2) and due to TA ( TA).

  

OSPAR region pCO2 

(µatm 100km-1) 
TA 
(µmol kg-1 100km-1) 

pH 
(pH units 100 km-1) 

DIC 
(µmol kg-1 100km-1) 

   

pCO2

 

TA

 

pCO2

 

TA

 

I 2 a 8 g 0.002 0.001 1 7 
II 20 b,c,d 20 h 0.020 0.003 10 17 
III 10 b 5 b,i 0.010 0.001 5 4 
IV 10 b to 50 e 5 e,i 0.010 to 0.052 0.001 5 to 26 4 
V 2 f 5 f 0.002 0.001 1 4 
a Olsen et al. (2008); b Frankignoulle and Borges (2001); c Thomas et al. (2004); d Omar et al. (2010); e Borges and Frankignoulle 
(2002); f Schuster and Watson (2007); g based on salinity gradients from Olsen et al. (2008) ; h Thomas et al. (2009) ; i Dumousseaud 
et al. (2009)  

Table 3 Long-term changes in surface waters of the partial pressure of CO2 (pCO2) and pH in the OSPAR 
regions. The changes of pH were computed from those of pCO2 assuming a constant total 
alkalinity.  

OSPAR region pCO2

 

(µatm yr-1) pH (pH units yr-1) 
I 1.5 to 3.0 a -0.0015 to -0.0030 
I 2.1±0.2 d -0.0024 ± 0.002 
II 4.4 b -0.0044 
III 3.2 c -0.0032 
IV 3.2 c -0.0032 
V 1.9 c to 4.9 c -0.0019 to -0.0049 

a Omar and Olsen (2006); b Thomas et al. (2007); c Schuster et al. (2009), d Olafsson et al. (2009) 
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9 Inconsistencies in the calculation of carbonate system variables when the system is over determined and 
concerns over the applicability of calculation schemes in estuarine waters  

9.1 Validity of calculations in estuarine waters  

MCWG 2010 discussed concerns about how universal calculation procedures such as the commonly used CO2sys 
program (Lewis and Wallace, 1998; Pierrot et al., 2006) could be used in all waters of interest to the group. The 
limitations arise due the degree to which the various dissociation constants for carbonic acid have been measured over 
the whole range of salinities of interest. The choice of dissociation constants of carbonic acid used in the calculations 
needs to be appropriate. The Mehrbach et al. [1973] constants as refitted by Dickson and Millero [1987] are assumed to 
be the better choice to use in calculations based on ocean waters (Wanninkhof et al. 1999; Lee et al. 2000). However 
they are only valid down to a salinity of 15, so cannot be used reliably in estuarine waters. Recently Millero et al. 
(2006) have published dissociation constants of carbonic acid in seawater as a function of salinity and temperature 
which extend over the whole salinity range. They have been included in version 14 of CO2sys excel version 
(http://www.ecy.wa.gov/programs/eap/models.html)  Software to provide an alternative to the commonly used CO2sys 
software (Lewis and Wallace, 1998) has and is being developed. Seacarb (http://CRAN.R project.org/package=seacarb) 
may be considered as an alternative. Among its benefits, its latest version (2.3.3) includes the most up to date 
dissociation constants for K1 and K2 of Millero et al. (2006) and  Millero (2010).  

From the purely analytical point of view methods described by Dickson et al. (2007), are valid in estuaries for TA and 
DIC if used appropriately. Where pCO2, is measured directly using an equilibrator based systems problems have been 
identified in turbid estuarine waters, so that an appropriately designed equilibrator needs to be used (e.g., Frankignoulle 
et al., 2001).   

The major uncertainty arises with the choice of scales for pH and related buffers in estuaries. Frankignoulle & Borges 
(2001) have shown consistent data for pH can be achieved over the full range of estuarine salinities is sampled if the 
data is referenced to the NBS scale. The limitation of using TRIS buffer values and the Total Scale is that values for 
TRIS buffers have only been determined for salinities > 5 (DelValls & Dickson, 1998). The data the AMP buffer value 
is only established for salinity 35. Hence, the Nernstian behaviour of pH electrodes can only be checked at this salinity.  

9.2 Inconsistencies in the calculation of carbonate system variables  

A discussion paper documents some of the concerns expressed at the meeting that in certain circumstances calculations 
of pH and pCO2 from measurements of TA and DIC were not always consistent with direct measurements of pH and 
pCO2. Hoppe et al. (2010) in their paper addressing carbonate chemistry in perturbation studies report in their abstract 
that:- Seawater carbonate chemistry is typically calculated from two measured parameters. Depending on the choice of 
these input parameters, discrepancies in calculated pCO2 have been recognized by marine chemists, but the significance 
of this phenomenon for CO2 perturbation experiments has so far not been determined. To mimic different pCO2 

scenarios, two common perturbation methods for seawater carbonate chemistry (changing either DIC or TA) were 
applied using state-of-the-art protocols and equipment. The carbonate system was over-constrained by measuring DIC, 
TA, pH, and pCO2. Calculated pCO2 matched measured pCO2 if pH and TA or pH and DIC were chosen as input 
parameters, whereas pCO2 calculated from TA and DIC was considerably lower than measured values. This has 
important implications for CO2 perturbation experiments. First, calculated pCO2 values may not be comparable if 
different input parameters were used. Second, responses of organisms to acidification may be overestimated when using 
TA and DIC for calculations. This is especially troublesome for experiments with calcifiers, as carbonate ion 
concentration and thus calcite or aragonite saturation state are overestimated. We suggest refraining from measuring TA 
and DIC only and rather include pH as input parameter for carbonate chemistry calculations.   

Further consideration needs to be given to this issue. This needs to look at both:- (i) Other potential sources of titratable 
alkalinity in samples not currently taken into account. For example Kim and Lee (2009) have pointed out that dissolved 
organic matter can potentially make a significant contribution to alkalinity. (ii) That the most appropriate dissociation 
constants are being used. Gattuso et al. (2010) addresses carbonate chemistry in perturbation studies in detail.  

10 Related projects  

Design of along term monitoring programme needs to take into account what can be learnt from previous work and 
current and planned activities in the OSPAR area. It further needs to take into account relevant international research 
and observations programmes.   

Key going projects in Europe are the EU-EPOCA project, and German BIOACID project and UK-NERC Ocean 
Acidification project.  

On the observational side an important synergy will be linkage to the ICOS project looking at CO2 fluxes. 

http://www.ecy.wa.gov/programs/eap/models.html
http://CRAN.R
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For hydrographic work in deep waters much can be learnt about existing data and its quality from the CARINA Project. 
The CARINA (CARbon dioxide IN the Atlantic Ocean) data synthesis project is an international collaborative effort of 
the EU IP CARBOOCEAN, and US partners. It has produced a merged internally consistent data set of open ocean 
subsurface measurements for biogeochemical investigations, in particular, studies involving the carbon system. The 
original focus area was the North Atlantic Ocean. The CARINA database includes data from 188 cruises. The salinity, 
oxygen, nutrient, inorganic carbon system and CFC data have been subjected to extensive quality control and 
adjustments have been made when necessary. The internally consistent data are available as three data products, one 
each for the Arctic Mediterranean Seas, the Atlantic and the Southern Oceans (CARINA Data Products). In addition, all 
of the individual cruise data files have been made available in WOCE exchange format in a single location (Cruise 
Summary Table) along with metadata and references. The CARINA effort is described in the CARINA special issue of 
Earth System Science Data (ESSD) Journal.  

Other relevant former, ongoing and planned projects include:-  

IMBER - Integrated Marine Biogeochemistry and Ecosystem Research Project; www.imber.info/

  

SOLAS - Surface ocean lower atmosphere study; www.solas-int.org

 

Note an IMBER/SOLAS Ocean Acidification Working Group (http://www.imber.info/C_WG_SubGroup3.html) which 
has the following tasks:  

1- Coordinate international research efforts in ocean acidification;  
2- Undertake synthesis activities in ocean acidification at the international level.  

ANIMATE Atlantic Network of Interdisciplinary Moorings and Time-series for Europe; 
www.noc.soton.ac.uk/animate/

  

IOCCP International Ocean Carbon Coordination Project; www.ioc.unesco.org/ioccp/

  

OCB U.S. Ocean Carbon and Biogeochemistry; www.us-ocb.org/

  

CARBON-OPS UK underway pCO2 observations from Reseach Vessels; www.bodc.ac.uk/carbon-ops 
CARBOOCEAN IP - Marine carbon sources and sinks assessment; www.carboocean.org

  

EPOCA European Project on Ocean Acidification; www.epoca-project.eu

  

BOOM Biodiversity of Open Ocean Microcalcifiers; www.sb-roscoff.fr/BOOM/

  

PEECE Pelagic Ecosystem CO2 Enrichment Study; www.peece.ifm-geomar.de   
MEECE Marine Ecosystem Evolution in a Changing Environment; www.meece.eu/   
PEACE Role of Pelagic Calcification and Export of Carbonate Production in Climate Change; 

www.co2.ulg.ac.be/peace/   
BIOACID Biological Impacts of Ocean Acidification; www.bioacid.ifm-geomar.de/

  

SOPRAN Surface Ocean Processes in the Anthropocene; www.sopran.pangaea.de/

 

CLIVAR Climate variability and predictability; https://webmail.ices.dk/Exchange/michala/emcgovern/Local 
Settings/emcgovern/Application Data/emcgovern/Local Settings/Documents and 
Settings/menchu.ST/Configuración local/Temp/www.clivar.orgwww.clivar.org

 

SMHI-UGOT Ocean acidification project 2010-2012; www.smhi.se

  

FERRYBOX www.ferrybox.org
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