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JAMP Guidelines for Monitoring Chemical Aspects of Ocean Acidification 

1. Introduction
Ocean acidification is an unavoidable consequence of increased atmospheric concentrations of CO2 and the partitioning of CO2 into seawater. CO2 reacts with seawater to produce carbonate, bicarbonate, and hydrogen ions. Since the industrial revolution, the concentration of hydrogen ions in seawater has increased by 30%. Ecosystems in certain seas such as Arctic waters are potentially more vulnerable to these changes as they will tend to become undersaturated with respect to the carbonate minerals forming the shells of many organisms earlier than other areas. A range of other biological processes and functions are also likely to be affected by changes in pH (Gattuso and Hansson, 2011). Elsewhere, it is important to consider that the concentration of hydrogen ions affects many biogeochemical processes such as the ratio of available ammonia to ammonium supporting primary production and the solubility of trace metals. Eutrophication may be closely linked to ocean acidification through the production of organic matter from CO2 during primary production (Borges and Gypens, 2010; Provoost et al., 2010; Cai et al., 2011). The degree of ocean acidification may be assessed through the measurement of carbonate species in solution and the calculation of the saturation states of the shell-forming carbonate mineral aragonite and calcite. At present, a recommendation cannot be made for a minimum reliable approach to monitoring (such as measurement of pH during late winter immediately prior to the spring bloom during eutrophication-related surveys). This is because data of sufficient accuracy and precision for the assessment of acidification status are generally absent. We are at a stage where the collection of baseline data to look at regional and temporal differences through the year should be encouraged. It should be noted that work on ocean acidification complements the study and budgeting of marine CO2 inventories and air–sea fluxes. Planning of the two activities should be coordinated.

2. Purposes
The measurement of carbonate species in seawater is carried out for the following purposes:

1) monitor the spatial distribution of carbonate species concentrations within the maritime area. (In coastal areas, high quality marine observations may need to be coupled to regular monitoring of major river inputs
);

2) assess trends in the degree of ocean acidification due to anthropogenic influences by monitoring pH, other carbonate system parameters, and carbonate mineral saturation over periods of several years;

3) provide information of sufficient spatial and temporal resolution to underpin the identification of biological impacts and future ecological risks through direct observation and the use of numerical models.

3. Quantitative objectives
The quantitative objectives must take into account the characteristics (e.g. variability) in the marine areas concerned.

It is intended that the region-specific, temporal-trend monitoring programme should have the power (e.g. 90%) to detect a change in concentration (e.g. 0.02 pH) over a selected period (e.g. 10 years). To clarify the situation and to help define objectives, Contracting Parties should collect and undertake statistical analyses of new baseline datasets collected (collection of new data should meet the quality criteria required for the monitoring of ocean acidification). The representative monitoring stations chosen for this should be selected on the basis of numerical modelling results and cover the range of environments from nutrient-rich estuaries to deep ocean water and around cold-water corals.

The spatial distribution of the monitoring programme should allow Contracting Parties to determine the representativeness of their monitoring stations with regard to spatial variability of carbonate parameter concentrations. This would include a definition of the extent of the monitoring area and understanding of how monitoring by different Parties is complementary. This should be done to enable a full assessment, which can be integrated across the whole OSPAR area. Adding these parameters to studies at a long-term monitoring site, which already has other environmental information with which to place the changes into context, would be very useful.

4. Sampling strategy
Monitoring should consider all four measurable carbonate species (Dickson, 2010) measured as total dissolved inorganic carbon (DIC), total alkalinity (TA), partial pressure (of dissolved) carbon dioxide (pCO2), and hydrogen ion concentration measured as pH
 (Dickson et al., 2007). The following supporting parameters are required for calculation of final individual concentrations of components of the carbonate system, which are not measurable directly, such as the concentration of carbonate ions (CO32–): temperature, salinity, silicate, and phosphate.

The equilibrium chemistry of the carbonate system has been studied extensively (see Dickson, 2010), and the equilibria have been precisely quantified so that if two components of the system are measured, the other two can be calculated with known level of error that varies with the choice of the pair and the concentration levels being worked at (Hydes et al., 2010). Well-tested software (e.g. CO2SYS and SEACARB
) is available for carrying out the required calculation.

At the present state of development of analytical methods and supporting reference materials, the most reliable methods for work with samples are measurements of DIC and TA, which are supported by reference materials
. For underway sampling, high-frequency (<5 min) measurements with high precision and accuracy (<2 µatm) can be achieved for the measurement of pCO2 (measurements can be referenced against WMO-approved gas standards
). For assessment of ocean acidification, in some areas where only measurements of pCO2 are available, they can be coupled to estimates of TA from salinity (Lee et al., 2006) to give an estimation of pH. In such cases, the relationship between salinity and TA for that area should be established.

Prior to establishing long-term monitoring, Contracting Parties should undertake wide-ranging measurements to define the levels of variability across their marine areas before defining a minimum effective programme for observations in their areas. This should take into account and be coordinated with the plans of other Contracting Parties and their own existing programmes for monitoring other parameters (eutrophication being the likely most complementary activity).

Guidelines for monitoring are set out below in line with existing guidelines for the monitoring of eutrophication. For the parallel assessment of air–sea fluxes for the establishment of annual air–sea fluxes, year-round monitoring of pCO2 needs to be done with repeat-visit sites on at least a monthly basis in representative areas (to be defined from numerical models).

4.1 Monitoring for purposes 1 and 2

In coastal seas, monitoring of carbonate parameters should take place along salinity gradients in order to determine the scale of local influences resulting from variations in riverine inputs of carbonate species. Equally, monitoring in shelf seas should be sufficiently extensive to take account of inputs and the oceanographic characteristics of each region, particularly the in-flow of ocean water across the shelf break.

TA–salinity relationships for a coastal area can provide information about internal and external processes involved in regulating TA concentrations, such as variability of riverine inputs and denitrification. A linear relationship indicates that physical mixing is the dominant process regulating the TA concentration, while non-linearity indicates the additional influence of chemical and/or biological processes. Several sources of freshwater or offshore water may add complexity to TA–salinity mixing diagrams, and temporal variability of the TA concentrations of the sources may contribute additional scatter and variability to the relationship.

The temporal-trend monitoring strategy should ensure that sufficient data are collected in order to confirm that the maximum winter DIC concentrations were detected in a given year.

All carbonate data should be reported with accompanying data for the salinity and in situ temperature of the sample because the values in situ pCO2 and pH are sensitive, particularly to changes in temperature. Normalization of data to a particular salinity can help is identifying if a change in concentrations is related to change in water mass properties.

After sampling, the supporting parameters should be inspected to assess the level of algal activity at the time of sampling (e.g. chlorophyll a and dissolved oxygen) with respect to daily and annual cycles in production and decay to assess the error bar that should be attributed to data when included in temporal-trend studies.

For ocean acidification monitoring in offshelf waters, key areas include Arctic seas and vulnerable habitats, such as cold-water coral reefs.

Measurements are required in subsurface waters as these can be used for calculation of the accumulation anthropogenic carbon in the water (e.g. Tanhua et al., 2007).

4.2 Monitoring for purpose 3

Monitoring for purpose 3 is intended to identify where biological effects due to ocean acidification occur. For purpose 3, the sampling strategy for the carbonate system should be linked to appropriate biologically orientated surveys, e.g. studies of corals, molluscs, and embryonic life stages of certain groups of organisms. From a biological perspective, there is a need to capture data on the spatial and temporal variation in the carbonate system of the waters surrounding the particular potentially sensitive organisms. Study of commercial species which may be affected is also important as this may have financial as well as ecological impacts.

5. Sampling equipment

5.1 Equipment

Water samples for analysis of DIC/TA can be collected using a rosette frame or hydrobottles clamped to a hydrowire and lowered to the prescribed depth. Use of a rosette sampler is preferred, combined with an accurate and precise profiling probe for measurement of temperature (±0.05), salinity (±0.005), and pressure (a “CTD” profiler). Additional subsamples should be taken from water bottles and analysed for salinity, nutrients, dissolved oxygen, and chlorophyll a. Sampling from an underway water supply may also be possible, but the procedure should be validated.

Samples for DIC/TA should be collected directly into Pyrex glass bottles with gas-tight stoppers, leaving a 1% headspace, and the samples poisoned by the addition of mercuric chloride if the samples are to be stored (Dickson et al., 2007; SOP 1). For rosette sampling, the priority for the order of drawing samples is as follows: samples for DIC/TA should be taken after CFC, oxygen, and pH samples, but before nutrient and salinity samples, to minimize the CO2 exchange across the free surface that forms in the hydrobottle as it drains.

5.2 Contamination

Sampling should be undertaken in such a way that any ship discharges are avoided. Sampling bottles on the rosette and sample storage bottles should remain closed when not in use.

Sample storage bottles should be thoroughly rinsed with sample before filling. A tube attached to the sample collection bottle running to the base of the sample storage bottle should be used to minimize the possibility of gas exchange during sampling.

6. Storage and pre-treatment of samples

6.1 Storage

Bottles that are gas tight should be used for sample storage. Normally, Pyrex bottles of 250 or 500 ml capacity are used and sealed with a greased ground-glass stopper held in with a retaining band. Samples poisoned with mercuric chloride (Dickson et al., 2007; SOP 1) should be stored in a cool and dark environment. Samples can be stable for at least one year if collected carefully.
It is recommended that laboratories should conduct systematic studies of the stability of their samples. As part of these tests, exchange samples between laboratories should be done to separate errors due to degradation of samples from measuring errors.

6.2 Pretreatment

Unnecessary manipulation of the samples should be avoided; however, filtration with GF-F filters may be used for TA samples from turbid waters. No recommendation can be given for DIC samples. An accepted filtration method that minimizes the gas exchange for DIC samples has not been published.

7. Analytical procedures

Methods for the determination of the four carbonate species are described in detail in Dickson et al. (2007). The preferred methods are: (i) TA: acid–base titration with the endpoint calculated by Gran fit; (ii) DIC: addition of phosphoric acid with quantification of the evolved CO2 by coulometry; (iii) pCO2 underway samples: equilibration of gas stream with the surface water and determination of the equilibrated mole fraction of CO2 in the gas stream by infrared spectrometry at a known gas pressure; and (iv) no recommendation can currently (2012) be given on a technique for direct measurements of pH, and laboratories using direct measurements of pH should validate that the measurements obtained are fit for purpose for their target sampling area.

8. Analytical quality assurance

The quality assurance programme should ensure that the data are fit for the purpose for which they have been collected, i.e. that they satisfy levels of precision and accuracy compatible with the objectives of the monitoring programme.

Regular collection of duplicate samples should be undertaken. Specific technical information on QA and QC is provided by Dickson et al. (2007; SOPs 21, 22 and 23). Reference materials (RM) are available for TA, DIC, pH (TRIS), and reference gases for pCO2 (see above). Recommendations and Matlab tools for pCO2 QC procedures have been developed as part of the Surface Ocean CO2 Atlas (SOCAT) and CARINA projects and are available at http://www.socat.info/publications.html (see Olsen and Pierrot, 2010, Matlab routines to aid QC of SOCAT data).

When possible in addition to routine use of RMs, the data should be checked for cruise-to-cruise consistency, where possible, by comparing samples from the deep ocean with near-steady CO2 chemistry (e.g. >2000 m), by comparing DIC/TA relationships to salinity, and/or relationships between DIC and nitrate, phosphate, and oxygen (Tanhua et al., 2010; http://cdiac.ornl.gov/oceans/2nd_QC_Tool/). 

A system of regular intercomparisons between the concerned laboratories should be organized.
9. Reporting requirements

Data for TA and DIC should be reported in units of μmol kg–1. Data for CO2 should be reported as the partial pressure pCO2 in units of microatmospheres. Data for pH should be reported with details of the pH scale to which the measurement is referenced; normally, this should be the total scale (Dickson, 2010).

Data reporting should be in accordance with the latest ICES reporting formats, together with information on methods used, detection limits, reference values, and any other comments or information relevant to an ultimate assessment of the data. In order to establish the acceptability of the data, they should be reported together with summary information from recent control charts, including dates, sample sizes, means, and standard deviations. For monitoring data, only directly measured values should be reported. This avoids any uncertainty about the derivation of a calculated value. During the subsequent assessment, other parts of the carbonate system will be calculated. If these data are, in turn, archived, any derived values should be flagged to indicate how the values were calculated. Pesant et al. (2010) propose a system of secondary flagging for this purpose.

10. Summary tables

Table 1. Generally accepted levels of error associated with each method based on Dickson (2010).

	
	
	Ref Method
	State of art
	Other

	
	Total dissolved inorganic carbon µmol kg–1
	
	
	

	(A)
	Acidification / vacuum extraction / manometric determination
	1.0
	
	

	(B)
	Acidification / gas stripping / coulometric determination
	
	2–3
	

	(C)
	Acidification / gas stripping / infrared detection
	
	
	4

	(D)
	Closed-cell acidimetric titration
	
	
	10+

	(E)
	Auto-analyser colorimetric
	
	
	5+

	
	Total alkalinity µmol kg–1
	
	
	

	(F)
	Closed-cell acidimetric titration
	
	2–3
	

	(G)
	Open-cell acidimetric titration
	1–2
	
	

	(H)
	Other titration systems
	
	
	2–10

	
	pH
	
	
	

	(I)
	Electrometric determination with standard TRIS buffer.
	
	0.005
	0.01–0.03

	(J)
	Spectrophotometric determination using m-cresol purple
	0.003
	
	

	
	pCO2  µatm
	
	
	

	(K)
	Direct - equilibrator infrared determination of pCO2 
	
	2
	

	(L)
	Indirect - membrane colorimetric determination of pCO2
	
	
	2–10

	(M)
	Direct - membrane infrared determination of pCO2
	
	
	1–10


Table 2. Availability of reference materials for the quality control of carbon dioxide measurements in seawater Dickson (2010).

	Analytical Measurement n
	Desired

Accuracy 
	Uncertainty
	Availability

	DIC
	± 1 μmol kg–1
	± 1 μmol kg–1
	since 1991 

	TA
	± 1 μmol kg–1
	± 1 μmol kg–1
	since 1996 

	pH
	± 0.002
	± 0.003
	since 2009

	Mole fraction of CO2 in dry air
	0.5 μmol mole–1
	± 0.1 μmol mole–1
	since 1995
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� River monitoring is needed for (i) understanding of the variability of river inputs and the drivers of this variability and (ii) to give better parameterization of river inputs in numerical models of marine acidification (e.g. Blackford and Gilbert 2007).


�	Confusion can arise due to the existence of several different pH scales. pH is an operationally defined concept, and there are four different scales (US 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 metadata when data are deposited in a database. 


�	CO2 system calculation software can be down loaded from (i) http://cdiac.ornl.gov/ftp/co2sys/, and (ii) Lavigne and Gattuso (2011). and (iii) http://neon.otago.ac.nz/research/mfc/people/keith_hunter/software/swco2/.


�	Dickson Lab http://andrew.ucsd.edu/co2qc/


�	NOAA Carbon Cycle Greenhouse Gases Group (CCGG


	http://www.esrl.noaa.gov/gmd/ccgg/refgases/stdgases.html) is currently responsible for maintaining the World Meteorological Organization mole fraction scales for CO2, CH4, and CO.
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