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Background 
This document contains the project description of the OMAI project, which aims to produce an operational 
marine acidification indicator. BNI, together with Aarhus University, IOW and SYKE applied and received 
funding from the Nordic Council for further development to support implementation of acidification 
indicators. The project will start late this year or early next year. 

In State & Conservation 7-2017 the meeting discussed and agreed on the following with regards to 
acidification indicators (cf. State and Conservation 7-2017 Outcome 3J.64-3J.69): 

The meeting considered the proposed acidification indicators for the Baltic Sea as presented by Invited 
Guest Mr. Jacob Carstensen, University of Aarhus (document 3J-10, presentation 16).  

The meeting was of the opinion that the development of an indicator on acidification can be relevant, 
acknowledging that although there is no requirement within the MSFD to monitor these parameters, there 
is interest in the Contracting Parties to obtain information on the carbon cycle.  

The meeting welcomed the offer of Sweden to co-lead the indicator and invited other Contracting Parties 
to also consider their possibility to participate in the work as co-leads. The Meeting also invited Contracting 
Parties to nominate relevant experts for the further development to the Secretariat 
(owen.rowe@helcom.fi).  

The meeting noted the suggestion of Denmark to expand the document with information on relevance for 
HELCOM work/MSFD and that this document should be discussed by IN Eutrophication. 

The meeting agreed that this document will be further developed and expanded intersessionally by the 
authors, with possible support from co-lead countries, to encompass relevant issues for HELCOM 
indicators, inclusive of monitoring and assessment guidelines, and reviewed again by State and 
Conservation, prior to distribution to any relevant expert network(s). 

The meeting recalled that monitoring of pH is already included in the HELCOM monitoring manual and that 
alkalinity and pCO2 are planned to be included. The Meeting noted that there is a long history of monitoring 
of pH and alkalinity in the open sea areas of the Baltic Sea and that monitoring of these parameters is 
relatively inexpensive and offers valuable insight into carbon cycling. The Meeting also noted that 
monitoring of these parameters has been decreasing in recent years. 

In S&C 8-2018 the issue was discussed further as follows (cf. State and Conservation 8-2018 Outcome 3J.33-
3J.34): 
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The meeting reviewed the proposed acidification indicators for the Baltic Sea (document 3J-5, Presentation 
9), as submitted by Sweden and presented by Mr. Gregor Rehder, Germany. The meeting took note of the 
information that IN-EUTRO acknowledges the links of the proposed indicator to eutrophication but noted 
that the full set of causative factors and pressures are yet to be specified. The meeting welcomed the 
information that Sweden and Germany offer to co-lead the work on the indicator. Sweden and Estonia 
expressed their view that this works directly links to the work of MSFD Annex III Table 1. The meeting noted 
the statement by Denmark that it would be important to follow the issue on ocean acidification. However, 
Denmark prioritizes the focus of indicator development to be on the needs identified under the EU 
Commission Decision regarding eutrophication and sees no direct link between the proposed indicator and 
eutrophication under the MSFD. Denmark has a study reservation on the inclusion of this indicator being 
housed under the EN EUTRO. 

The Meeting in principle endorsed the further development of the indicator, with the aim of including it in 
the list of HELCOM candidate indicators, and agreed in principle that the work would be further developed 
within the eutrophication expert network, taking note of the Danish study reservation on the matter and 
that the housing of the indicator still remains an open issue. 

IN-EUTROPHICATION 11-2018 discussed the developments related to acidification indicators and noted the 
following (Outcome paragraph 6, 18, 19 and 20): 

Estonia informed that acidification indicator development is carried out under BONUS project INTEGRAL 
and Finland informed that the Finnish Environment Institute takes part in a project related to further 
development of acidification indicator lead by Sweden (BNI) (OMAI). 

The meeting discussed the status of acidification indicator and welcomed Sweden and Germany to take co-
lead. 

The meeting took note that Estonia and Finland are also interested to take part in the acidification indicator 
development work. 

The meeting discussed about a project working on developing acidification indicator and took note that 
additional resources would be required in order for the acidification indicator development work to 
progress to an operational HELCOM indicator and agreed that the IN-Eutrophication 12- 2018 meeting 
should look into the issue on how to further develop the indicator. 

Action requested 
The Meeting is invited to: 

- take note of the information and use it as appropriate.

https://portal.helcom.fi/meetings/IN-EUTROPHICATION%2011-2018-571/MeetingDocuments/Outcome.pdf


Project Description: Operational Marine 
Acidification Indicator (OMAI) 
 

Aim: Develop and support implementation of operational indicators on acidification in the 
Baltic Sea 

 

Background 

Ecosystems in coastal seas, such as the Baltic Sea, can be under considerable pressure 
because of impacts from multiple stressors such as eutrophication, deoxygenation, 
acidification, and climate change. Continued climate change and acidification in the Baltic 
Sea may threaten species that cannot adapt to a future warmer and acidified Baltic Sea. 
Organisms exposed to upwelling of hypoxic, corrosive water from the deeper basins are 
particularly affected. The acid-base balance (pH) in the Baltic Sea is continuously undergoing 
changes due to: 1) increasing CO2 in the atmosphere, 2) changes in land loads and 
atmospheric depositions, 3) changes in the balance between primary production and 
respiration due to eutrophication/oligotrophication, and 4) warming, shifting the carbonate 
speciation towards higher CO2 partial pressure (pCO2) and lower pH levels. In many areas 
around the Baltic Sea, pH is currently decreasing and pCO2 is increasing at rates substantially 
higher than experienced from increasing atmospheric CO2 levels alone (Carstensen et al., 
2018).  

 

Ocean acidification 

Present-day CO2 emissions from fossil fuel combustion, industry, and land-use change 
exceed 10 Gt C yr-1 (Le Quéré et al., 2016). Approximately 45% of this CO2 accumulates in the 
atmosphere, ~30% is removed by terrestrial sinks, and ~25% is absorbed by the oceans (Le 
Quéré et al., 2016). CO2 reacts with water, producing carbonic acid and reducing pH. This 
process – ocean acidification – is referred to as “the other CO2 problem”, since climate 
change and ocean acidification are both caused by rising atmospheric CO2 (Doney et al., 
2009). The mean global atmospheric pCO2 has increased from a pre-industrial 280 µatm to 
more than 400 µatm today, resulting in a pH reduction of more than 0.1 units in ocean 
surface water. The atmospheric pCO2 might end up somewhere in a range 500-1400 µatm by 
the end of this century (Moss et al., 2010), further reducing pH by ~0.5 units in the most 
extreme case. Based on scenarios of atmospheric CO2 increase and global warming, the 
resulting pH-change in the open ocean can be calculated without major uncertainties (Doney 
et al., 2009). Acidification in coastal waters is more complex due to the interaction of 
multiple anthropogenic and natural drivers (e.g. Duarte et al., 2013). 

 

Factors that influence pH 

Several processes apart from atmospheric CO2 can influence pH in coastal systems, either 
enhancing or mitigating the pH decline (Carstensen et al., 2018). CO2 assimilation by 



autotrophs directly increases pH, but this increase can largely be reversed by mineralization 
of organic matter. A fraction of the assimilated carbon can be removed by burial and/or 
export. Eutrophication amplifies this carbon sink and may thus counteract a CO2-induced pH 
decrease, whereas oligotrophication in contrast could amplify the pH decrease (Carstensen 
et al., 2018). Mineralization of terrestrially derived organic carbon generates CO2 and further 
reduces pH. A complicating factor is that organic compounds, depending on composition, 
may contribute to the total alkalinity (AT – a measure of the CO2 storage capacity of 
seawater) which also affects pH. This “organic alkalinity” has largely been ignored in the 
past, but recent studies from the Baltic Sea demonstrate how AT data and overall carbonate 
system calculations may be unreliable if the organic alkalinity is not included (Kuliñski et al., 
2014; Hammer et al., 2017). Most processes related to primary production and 
mineralization of organic matter either consume or produce AT (Wolf-Gladrow et al., 2007), 
but in many cases these processes – and thus the changes in CO2 storage capacity – are 
reversible. Formation of calcium carbonate shells is for example an AT sink, but this sink can 
be reversed by dissolution of the shells. Anaerobic mineralization processes such as 
denitrification and sulfate reduction can under certain conditions irreversibly produce AT and 
thus permanently enhance the CO2 storage capacity (Hu and Cai, 2011a; b). Riverine AT 
fluxes from Swedish, Finnish (Sun et al., 2017), and Danish (Carstensen et al., 2018) 
catchments have increased significantly over the past decades. Because of insufficient data it 
is at this point not known whether or not this also has been the case for catchments of the 
south-eastern Baltic Sea. Nevertheless, increased river loads of AT can partly counteract 
acidification, while decreasing loads in contrast would amplify the acidification.  

 

Process-based modelling 

The above-mentioned factors that influence pH in the Baltic Sea, and also their relative 
importance, can be addressed by means of model calculations. BALTSEM (Gustafsson et al., 
2012; Savchuk et al., 2012) is a coupled physical-biogeochemical Baltic Sea model that has 
been used in publications focused on nutrient and carbon cycling (Gustafsson et al., 2012; 
2014; 2017), AT dynamics (Gustafsson et al., 2014), and air-sea CO2 exchange (Gustafsson et 
al., 2015). This model is very well suited to study pH changes in different Baltic Sea sub-
basins as a response to climate change, increasing atmospheric CO2, changes in river loads of 
AT, carbon, and nutrients, as well as changes in productivity and oxygen conditions. The 
different stressors can be examined separately or together using different climate and 
nutrient load scenarios. 

 

Acidification and biodiversity 

The impact of acidification on marine organisms is a rapidly growing field of research, and 
calcifying organisms are known to be particularly threatened (Dupont and Pörtner, 2013). 
Acidification also affects processes related to cellular ion regulation, and non-calcifying 
organisms are often affected to the same extent as calcifiers (Thor and Dupont, 2018). While 
attention largely has been focused on single-species response to a single factor (cf. 
Havenhand, 2012), many recent studies emphasize the need to account for multiple 
stressors (Jutterström et al., 2014; Boyd et al., 2018), effects on structure and complexity of 
habitats (Sunday et al., 2017), ecosystem adaptations (Vargas et al., 2017), and effects of 
long-term exposure to acidification (Pansch et al., 2017) or short-term fluctuations (Wahl et 



al., 2018). It has for example been demonstrated that Baltic Sea microzooplankton and 
summertime microplankton communities can be resilient to changes in pH and pCO2, while 
potentially more sensitive to warming and desalination (Bermúdez et al., 2016; Horn et al., 
2016; Wulff et al., 2018). Recently, it has been shown that acidification can also lead to 
shortened, yet intensified time windows for calcification in areas with strong diurnal pH 
amplitudes (Wahl et al., 2018). However, since acidification affects species differently it is 
possible that community composition and biodiversity of organism groups with lower 
plasticity will change in the future, potentially affecting the ecosystem services provided by 
those organisms. 

 

The carbonate system and measurement technologies in the Baltic Sea 

The carbonate system is described by the four parameters: dissolved inorganic carbon or 
total carbon (CT), total alkalinity (AT), pH, and pCO2. Measurement of all four parameters is 
straightforward (Dickson et al., 2007). pCO2 and CT are not explicitly mentioned in the 
COMBINE General Guidelines for monitoring of the Baltic Sea, but straightforward SOPs exist 
(Dickson et al., 2007, Pfeil et al., 2013), and the methodological approach does not differ 
from that for open ocean waters. pCO2 data from a ferry line between Helsinki and Lübeck 
have been gathered since 2008 and have been reported regularly to the SOCAT database 
(Schneider and Müller, 2018, Pfeil et al., 2013). For AT and pH, HELCOM general monitoring 
guidelines exist and have been updated in 2017. 

Yet, pH remains a challenging parameter as the generally used potentiometric measurement 
would require calibration at each singular salinity. Also appropriate standards for brackish 
waters were not characterized until recently. Recent advances in spectrophotometric pH 
measurements in brackish waters (Müller et al., 2018; Douglas and Byrne, 2017; Müller et 
al., submitted; Müller and Rehder, submitted) suggest that this method will soon be the 
most accurate and precise method for pH detection also in brackish waters. Critical 
assessment of this method and the state of pH measurement technology for brackish waters 
is mandatory for future acidification monitoring schemes. 

 

Potential role of acidification in HELCOM assessment system 

Marine acidification is influenced by several environmental factors. On the other hand, it 
may play a role in modifying the environment for the marine organisms. A marine 
acidification indicator can therefore be seen to have a potential home in more than one 
thematic assessment:  

1) Eutrophication status assessment; mitigated or intensified acidification may be caused by 
changes in the balance of primary production and respiration as a result of eutrophication or 
oligotrophication, and could thus be applied as an indirect indicator of eutrophication. The 
pH amplitude on various time scales is directly related to the magnitude of primary 
production and mineralization (e.g. Schneider and Müller, 2018). 

2) Biodiversity status assessment; acidification has the potential to affect the composition of 
organisms in both pelagic and benthic environments, and could be applied as an indicator of 
biodiversity. 



3) Assessment on climate change impacts; acidification is affected by changes in 
hydrography and climate, with potential consequences for eutrophication and biodiversity, 
and partitioning the isolated effect of climate change could be applied as an indicator of 
climate change impacts. 

The HELCOM Working Group of the State of the Environment and Nature Conservation has 
discussed the observed long-term changes in parameters affecting marine acidification, and 
agreed to work towards developing an indicator, giving it status of candidate indicator 
(meeting 8-2018). The working group noted the importance of specifying the full set of 
causative factors and pressures before agreeing how the indicator would be applied in the 
assessment system. 

 

Indicator requirements 

Ecological indicators are used to communicate the status of the environment or 
environmental pressures to the public and decision makers. They are applied as building 
blocks of environmental assessments. As opposed to regular metrics, they are supposed to 
inform us something more than just the measure (Daan, 2005). As such, they should provide 
concrete, and preferably quantitative, measures on key environmental parameters and their 
changes over time. Indicators can either represent an environmental condition, i.e., state 
indicator, or represent the level of an anthropogenic pressure, i.e., pressure indicator. Each 
indicator should be associated with a quantitative threshold value, representing the good 
environmental status boundary in order to evaluate status. Indicators are essential both in 
the implementation of the HELCOM Baltic Sea Action Plan as well as in the implementation 
of the EU Marine Strategy Framework Directive. HELCOM operational indicators1 contain the 
following basic elements 1) Scientific concept, 2) Assessment protocol, 3) Threshold value, 4) 
Monitoring and methodology and 5) Data management.  

 

Need of indicator and status of TRIACID suggestion 

There are several aspects of acidification in terms of interpretation of environmental status. 
The most obvious aspect is the direct effect on marine organisms that fail to adapt to 
changing pH and pCO2 and thereby potentially the ecosystem structure and functioning is 
disturbed. However, in a wider sense, the components of the carbonate system (that 
chemically regulate acidification) is also closely related to the organic matter 
production/respiration as well as the supply of terrestrial organic matter, and thereby to 
eutrophication. Measurements of acidification in the water column can be used to quantify 
the magnitude of production/respiration and complement traditional monitoring of primary 
production in determining trophic state. 

In recent years, increasing attention in the scientific community on acidification has 
increased the understanding of underlying causes and consequences. The NCM project 
TRIACID has together with the Bonus Blue Baltic project BONUS INTEGRAL summarized this 
in a background document2 proposing HELCOM State & Conservation group to take on-
                                                        
1http://www.helcom.fi/Documents/Action%20areas/Monitoring%20and%20assessment/Monitoring%20and%2
0assessment%20strategy/Criteria%20of%20HELCOM%20indicators.pdf 
2https://portal.helcom.fi/meetings/STATE%20-%20CONSERVATION%208-2018-500/MeetingDocuments/3J-
5%20Proposed%20acidification%20indicators%20for%20the%20Baltic%20Sea.pdf  



board acidification indicators for development. There is considerable interest from the 
HELCOM community in acidification indicators, but there are still key elements missing 
before operational indicators are ready for use.  

Missing components in the development of an acidification indicator 

Following the HELCOM list of criteria1, we have identified the following missing components 
for implementation of operational indicators on acidification 

1. Scientific concept:
a. The complex cause-effect chain from anthropogenic pressures, e.g.,

atmospheric pCO2, changes in riverine loads of nutrients, organic matter and
alkalinity, via internal marine processes to final potential effects on
biodiversity or/and interpretable indicators of ecosystem state needs to be
quantified.

b. The policy relevance of the indicators needs to be specified based on the
causal relationships

2. Assessment protocol:
a. Description missing

3. Threshold values:
a. Threshold values need to be established. These can initially be trend based,

but ultimately specified quantitative values should be aimed for. Threshold
values for pH mean values and minima might have to be assessed separately.

b. Confidence and applicability should be described
4. Monitoring and methodology

a. Some parameters of the carbonate system are today regularly monitored and
adequate methodology described. However, there are still challenges in data
quantity, quality and consistency. Especially for pH measurements, adoption
of new methodological developments would greatly improve monitoring.

5. Data management
a. ICES is data host for joint monitoring under the HELCOM Combine program

and relevant parameters from the Combine cruises are reported to ICES.
However, a significant proportion of the data collected, such as the
continuous surface data is not reported to ICES but to SOCAT instead. Thus,
harmonization of data management is necessary for performing assessment.

Work plan: 

The aim of OMAI is to support HELCOM to successfully implement an operational 
acidification indicator by add the missing components mentioned above. The project is 
structured in three work packages addressing the different components and a fourth work 
package that addresses primarily the communication that need to take place between OMAI 
and HELCOM expert groups to facilitate indicator implementation. 

Work package 1: Establish cause-effect relationships 



Model calculations using the BALTSEM model (see chapter “Process-based modelling”) will 
establish cause-effect relationships for anthropogenic pressures that influence pH. To 
specify, the model will be used to determine the pH response to a: rising atmospheric CO2 
levels (ocean acidification), b: warming and changes in precipitation (CO2 solubility), c: 
changes in external loads of inorganic nutrients (eutrophication/oligotrophication), organic 
matter (respiration, organic alkalinity), and AT (CO2 storage capacity). These 
pressures/processes simultaneously influence pH, but to varying degrees that may change 
over time – and that may in addition differ depending on Baltic Sea sub-area. For that 
reason, the model will be used to disentangle the relative importance of the anthropogenic 
pressures and the cause-effect relationships in different sub-areas of the Baltic Sea. These 
experiments are intended to form a scientific basis for the development of ecosystem state 
indicators and in extension policy relevance of the indicators. 

Task 1.1: Literature review on relevant earlier studies. 

Task 1.2: Define and perform the model experiments required to establish cause-effect 
relationships and a scientific basis for the development of indicators.  

Work package 2: Monitoring requirements and recommendations for harmonization of 
measurement techniques 

Monitoring programs cannot measure everything and everywhere, and therefore specific 
areas of interest for monitoring and reporting changes in acidification will be identified. 
Criteria for this selection will include existence of long-term acidification data and biological 
data to assess consequences of acidification, expected changes in acidification and 
sensitivity of the ecosystem to acidification. Recommendations on monitoring frequencies in 
different depth strata in the identified areas will also be considered. 

In the open ocean, the carbonate system can be determined by measuring two out of the 
four components (CT, AT, pH, and pCO2). For the Baltic Sea, this is not valid mainly because of 
regional contributions to organic alkalinity (see chapter “Factors that influence pH” above). 
Measurement of more than two parameters allows valuable insights into the different 
drivers of acidification. Measurement errors and chosen combination of carbonate system 
parameters have consequences for how well the system is determined. Recommendations 
for the most optimal measurement combination, taking into account specific regional 
demands as well as technological constrains (e.g. continuous vs. discrete sample 
measurement technologies) as well as a review of state-of-the-art methods will be 
produced. For the latter, special emphasis will be given on the recent advances in 
spectrophotometric pH measurements in brackish waters.  

Task 2.1: Proposal for a Baltic Sea wide monitoring program on acidification and related 
potential ecosystem impacts.  

Task 2.2: Recommendation for harmonized measurement techniques for acidification. 

Work package 3: Assessment protocol and determination of thresholds 

Environmental thresholds constitute an essential feature of quantitative marine indicators. 
They should describe the delineation between a desirable and undesirable state of the 
environment. We can envision thresholds on several of the carbonate system parameters, 



describing different aspects of environmental status, but the most obvious are pH and pCO2 
that can give direct negative effect on biodiversity. The scientific basis for setting thresholds 
will be determined primarily through model simulations and the literature review performed 
in WP1. 

  

A draft indicator assessment protocol will be developed. An assessment protocol serves as 
the manual for performing an assessment of the state according to the indicator. Thus, it 
needs to provide definitions on the spatial and temporal context, data processing 
methodology and other information necessary to obtain indicator values that can be 
compared with the thresholds to obtain status information. 

Task 3.1: Derivation of thresholds.  

Task 3.2: Draft assessment protocol development.  

 

Work package 4: Embedding the indicator in the HELCOM system and additional 
communication 

The prospects of developing an acidification indicator for the Baltic Sea will be thoroughly 
investigated. The final development of the indicator has to be done in close cooperation 
with the HELCOM community because in order to become useful, the scientific basis 
developed in OMAI needs to be harmonized with the management and policy needs of 
HELCOM and individual countries. The development steps and schedule will be fitted as far 
as possible with the draft HELCOM work plan for indicators3 so that our work can timely feed 
into HELCOM processes. Though concise guidelines for marine indicator development have 
not been established, specific definitions and requirements have been listed (Fleming-
Lehtinen, 2016), and will be used as a scheme for developing, defining and finally evaluating 
the acidification indicator for the Baltic Sea. This has to be done in close cooperation with 
the HELCOM State and Conservation working group and relevant expert groups below that. 
Strong interaction and consultation with HELCOM and some of the respective national 
entities involved in the HELCOM monitoring will be (and already is) established from the 
beginning. Proponent Vivi Fleming-Lehtinen is Chair of the HELCOM intersessional network 
on eutrophication (IN Eutrophication). Jacob Carstensen and Gregor Rehder have been or 
are coordinating multinational BONUS projects strongly related to the work proposed here, 
with expected synergetic effects with respect to communication, and Bo Gustafsson has 
worked with the BNI support to HELCOM since 2011, including calculations for the BSAP 
nutrient reduction scheme.  

The project BONUS INTEGRAL has funds for a stakeholder meeting in early 2020 to convene 
potential strategies for an improved biogeochemical monitoring of the Baltic Sea based on 
high-frequency carbonate system observations. The scope of OMAI is very much 
complimentary to this effort, and is targeting the same stakeholders; therefore, OMAI will 
contribute to this meeting. 

In particular through the model simulations, OMAI will generate a huge knowledge base on 
the interplay multiple drivers, such as climate change and eutrophication, have on the state 

                                                        
3 HELCOM Working Group on the State of the Environment and Nature Conservation meeting 8-2018, 
document 3J-6 and outcome 



of the Baltic Sea environment in general and acidification in particular. Together with studies 
on the sensitivity of the Baltic Sea ecosystem providing thresholds, we can provide insights 
to potential threats to the future biodiversity. Through assistance from the communication 
project Baltic Eye (balticeye.org) at the Baltic Sea Centre, Stockholm University, a policy brief 
on acidification will be produced. 

Task 4.1: Assist HELCOM in implementation of acidification indicators. 

Task 4.2: Inform wider stakeholder communities through a stakeholder workshop in 
cooperation with BONUS INTEGRAL. 

Task 4.3: Publication of a policy brief on Baltic Sea acidification. 



Project time-line 

 
 

 

  

Task 1.1
Task 1.2
Task 2.1
Task 2.2
Task 3.1
Task 3.2
Task 4.1
Task 4.2
Task 4.3

2019 2020



Project budget 
 

Cost 2019 2020 2019-2020 
Salaries:     
SU 75 000 75 000 150 000 
AU 65 000 65 000 130 000 
SYKE 65 000 65 000 130 000 
IOW 45 000 45 000 90 000 
Travel:    
2 annual meetings 30 000 30 000 60 000 
Communicating outcomes:    
Travel costs to meetings with HELCOM 
working Groups (ca 3/yr) 

15 000 15 000 30 000 

Publication and distribution of policy brief  5 000 5 000 
Other:    
Overhead (20%) 59 000 60 000 119 000 
Total: 354 000 360 000 714 000 
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