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Background 
STATE & CONSERVATION 7-2017 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).  

STATE & CONSERVATION 7-2017 further 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.  

This document contains the revised version of the proposal for acidification indicators for the Baltic Sea, 

prepared by Sweden. 

Action requested 
The Meeting is invited to: 

 review the further developed and expanded indicator proposals 

 endorse the proposed indicators as a HELCOM candidate indicators, 

 offer a lead and/or co-leads for the indicators, as well as support linking the indicators to the work 
of IN EUTRO, for the further development. 
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Acidification indicators for the Baltic Sea 
Document prepared by: Jacob Carstensen (Aarhus University), Bo Gustafsson (Stockholm University) and 

Gregor Rehder (Leibniz Institute for Baltic Sea Research Warnemünde) 

Key messages: 

 The Baltic Sea carbonate system is undergoing large changes due to: 1) increasing CO2 in the atmosphere, 

2) increasing inputs of alkalinity from land, 3) changes in the balance between primary production and 

respiration due to eutrophication/oligotrophication, and 4) warming, shifting the carbonate speciation 

towards higher pCO2 concentrations and lower pH levels.  

 In many areas around the Baltic Sea, pH is decreasing and pCO2 is increasing at rates substantially higher 

than experienced from ocean acidification alone.  

 Although the impact of current levels of pH and pCO2 on populations of indigenous marine organisms is 

small, continued acidification may threat 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. 

Evidence: 

Ocean acidification due to increasing atmospheric CO2 concentrations causes a predictable decline of pH 

(~0.02 per decade) and increase of pCO2 (~2 ppm per year), whereas coastal systems experience changes 

over time which can exceed those of the ocean significantly (Duarte et al. 2013). The Baltic Sea is no exception 

to this (Fig. 1), where first eutrophication apparently led to increasing pH in surface waters due to enhanced 

uptake of CO2 and later nutrient reduction caused pH to decline. Thus, pH changes in the Baltic Sea are tightly 

coupled to eutrophication/oligotrophication. 

  
Figure 1: Trends in pH estimated from monitoring data from the Gotland Basin and Laajalahti Bay near Helsinki. 
Trends are compared to the ocean trend (black line). From Carstensen and Duarte (in prep.). 
 

Another process influencing the carbonate system is the change in alkalinity. Alkalinity inputs change with 

land use and enhanced weathering from climate change (Raymond and Cole 2003). This is also observed for 

the Baltic Sea (Duarte et al. 2013; Fig. 2). 

  
Figure 2: Flow-weighted concentration of alkalinity in Swedish rivers (www.slu.se) and Danish streams discharging 
into Skive Fjord. From Duarte et al. (2013) and Carstensen et al. (2018). 
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Despite the increased alkalinity buffering acidification, pH is decreasing and pCO2 is increasing significantly 

over time in some Danish fjords (Fig. 3). The pH declines are ~2.5 times faster than ocean acidification (OA) 

and caused by the combination of increasing atmospheric CO2 (~1 OA trend), reduced nutrient input (~1 OA 

trend) and warming (~0.5 OA trend) (Carstensen et al., 2018). However, it should be stressed that these 

trends do not uniformly apply to all coastal areas and the open Baltic Sea. 

  
  

Figure 3: Trends in pH and pCO2 in two Danish estuaries. From Carstensen et al. (2018). 

For the major basins, trends in AT have recently been statistically evaluated based on a compilation of all 

available AT -data, including the CANIBAL data, the SMHI data base, the BONUS Baltic-C data compilation and 

the FMI monitoring data (Müller et al. 2016). The evaluation shows that AT measurements since 1995, where 

standard reference materials for AT and CT became available (Dickson et al., 2007), can be very reliably used 

for a trend analysis. The authors show an increase of AT of ~70 mol kg-1 between 1995 and 2014, 

corresponding to an annual increase of 3.4 mol kg-1 yr-1 (Fig. 4). The highest trends of 7.4 mol kg-1 yr-1 was 

observed in the Gulf of Bothnia at a salinity of 3, which represents an increase of almost 20% over the same 

time frame.  

 

Figure 4: Temporal alkalinity trends in the Central Baltic Sea from 1900 to 2015. Displayed are deviations (dAT) of 

observed AT from mean AT values for individual salinity intervals of 0.2 (over a range from 6.5-7.7). From Müller et al., 

2016. 

Müller et al. (2016) further demonstrate that for the central Baltic Sea, the observed alkalinity trend has the 

potential to largely compensate for the pH decrease due to rising atmospheric CO2 levels during the same 

time frame, to increase the storage potential for carbon dioxide, and to almost entirely mitigate the reduction 

of carbonate saturation (CaCO3), Fig. 5.  
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Figure 5: Combined influence of simultaneous changes in atmospheric pCO2 and seawater AT on dissolved inorganic 

carbon (DIC), proton concentration[H+], and calcium carbonate saturation (CaCO3) in the Central Baltic Sea from 1995 

to 2014. Based on an atmospheric pCO2 increase from 360 to 400 atm, the relative changes in DIC, [H1], and CaCO3 

were computed for two AT scenarios: The observed AT trend of 3.4 mol kg2 yr2 was taken into account (black bars) and 
the AT was assumed to be constant at mean AT (grey bars). From Müller et al., 2016. 

Due to the larger trend of up to 7.4 mol kg-1  these effects are even stronger in the Northern Basins, in 

particular the Bothnian Bay where the increase in alkalinity could completely compensate for acidification. 

However, with the lack of other carbon system parameters measured simultaneously, the real effect of the 

observed alkalinity trend cannot be addressed. 

 

 
Figure 6: Upper right: Main route of the commercial ship 
Finnmaid, on which pCO2 has been monitored from 2003 
in a cooperation between IOW and SYKE. Seven 
subregions are defined: MEB Mecklenburg Bight, ARK 
Arkona Sea, WGS Western Gotland Sea, EGS Eastern 
Gotland Sea, NGS Northern Gotland Sea, WGF Western 
Gulf of Finland and HGF Gulf of Finland, approach to 
Helsinki. LEFT: pCO2 data and trendline for the time 
interval 2008-2015. The annual increase in pCO2 varies 
from 4.6 to 6.1 µatm yr-1, vastly exceeding the 
atmospheric increase of ~ 2 µatm yr-1.     

For the assessment of the carbon system in surface waters, the measurement of pCO2 through water-air 

equilibration coupled to infrared spectroscopy developed into a internationally widely used approach 

(Dickson et al., 2007), which led to the SOCAT database for surface water pCO2 (Bakker et al., 2016). 

Continuous measurements have been recorded on the commercial vessel Finnmaid since 2003 and recently 

been compiled in Schneider and Müller, (2018). Surface water pCO2 trends amounted 4.6 – 6.1 µatm yr-1 in 

the individual basins and exceeded thus the atmosphere pCO2 increase (approximately 2 µatm yr-1) 
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considerably (Fig. 6), with reasons currently being unclear. This shows the complexity of the processes that 

control the CO2 system and highlights the necessity to monitor pH. Surface monitoring of pCO2 is currently 

initiated on several other commercial vessels as action of the BONUS Project BONUS INTEGRAL, see 

https://www.io-warnemuende.de/integral-home.html. 

In summary, the Baltic Sea is experiencing acidification to a variable degree, depending on location, with 

considerable potential effects on the marine ecosystem, but our knowledge on this environmental problem 

is scattered among few sites, where data are available and studies have been made. 

Added value as eutrophication indicator: 

Apart from the fact that carbon system parameters, in particular pH, provides the – obviously - most direct 

indicator for acidification, monitoring of the carbon system also provides an additional powerful indicator of 

eutrophication. A generally accepted definition of the term “eutrophication” was given by Nixon (1995) who 

considers eutrophication as “an increase in the rate of supply of organic matter to an ecosystem”. Regarding 

the autochthonous supply, hence, biomass production, observations of the surface water CO2 system 

constitute an ideal tool to quantify organic matter production rates and thus monitor eutrophication. This 

was demonstrated by Schneider and Müller (2018) who, for the base case year 2009, used high resolution 

surface water pCO2 records to calculate the net community production. The latter corresponds to the amount 

of organic matter that has the potential to cause oxygen depletion and hydrogen sulphide formation after 

sinking into deeper water layers. The production rates determined for the Baltic Sea proper on the basis of 

the pCO2 data exceeded the estimates obtained from the traditional nutrient approach by up to 70 %. The 

reason for this discrepancy lies in the non-Redfield production stoichiometry in particular during the mid-

summer cyanobacteria bloom. It has to be emphasized that the oxygen demand at depth resulting from 

organic matter decomposition is mainly linked to the oxidation of carbon, and thus carbon-based productivity 

estimates provide the closest link to oxygen deficiency. 

Technological readiness 

The carbonate system is described by the four parameters Total Carbon (CT), 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. For AT and pH, general guidelines exist and have been updated in 2017. Yet, pH remains 

a challenging parameter as the generally used and still recommended potentiometric measurement would 

require the use of buffer solutions at ionic strength close to that of the measured sample. Also, defining 

appropriate standards is problematic. 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. At least one instrument is currently commercially available, a second to be launched soon. Thus, due 

to its higher accuracy and superior long-term traceability, the progress in theory and technology of this 

method for brackish water applications should be closely followed.  

Monitoring implications: 

Alkalinity and pH are not consistently monitored across the Baltic Sea (Fig. 6), and data have been measured 

and reported with varying precision and quality. Many areas only have a few spot samples, particularly in the 

coastal zone, whereas longer time series exist for the open Baltic Sea. The amount of pH observations 

increased from the 1970s and peaked in the early 2000s, reaching a contemporary level of ~1500 profiles per 

year (Fig. 7). This is substantially lower than the similar data amount for nutrients, chlorophyll, and oxygen. 

A consequence is that acidification trends can be assessed only for the regular open water stations and a 

limited amount of coastal stations.   

https://www.io-warnemuende.de/integral-home.html
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Historical data from various monitoring programs have been collected and quality assured in the Baltic 

Environmental Database (BED). This work has been carried out as part of a number of different research 

projects. Although the precision of pH measurements is generally low (typically 0.1 pH unit), trends 

considered are generally much larger (Fig. 1) and based on many observations, which partly remediates the 

poor precision and accuracy of the pH data. 

For the open Baltic Sea, long-term traceable monitoring of pH as the prime variable of acidification with 

highest possible precision and accuracy has not been achieved, despite the insights which can be gained on 

the existing data due to the high signal amplitude in the last centuries of the last millennium (Fig. 1). One of 

the main reasons for this shortcoming was the lack of availability of a method for long-term traceable 

measurement of pH at a resolution reflecting gradual nature in brackish water systems. Recent advances in 

technology now allow to overcome this problem (see section on Metrological Readiness at the end of this 

action request. 

 

  
Figure 7: Length of time series number of profiles/observations of pH across the Baltic Sea. Data from ICES and 
Danish monitoring program, compiled by the TRIACID project. 
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Figure 8: Amount of profiles/observations of pH over time. Data from ICES and Danish monitoring program, compiled 
by the TRIACID project. 

Recommendations: 

1. Alkalinity and pH should be monitored as standard hydrochemistry variables in the monitoring programs 

of contracting parties. Alkalinity and pH are low-cost measurements that are fairly simple to analyse and 

therefore, adding these to existing monitoring programs will only marginally increase the cost of 

monitoring. 

2. The measurement procedures for pH should be further homogenized and mean quality of data should 

be improved. 

3. Alkalinity and pH, as well as other variables of the carbonate system, should be reported as standard 

indicators within the HELCOM indicator reporting system. 
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