
Team Carbon and Nutrient Cycles

Primary parameters: 
• Changes in carbonate chemistry (incl. air-sea exchange of CO2) – merged with „acidification”
• Riverine nutrient loads and atmospheric deposition (incl. dissolved organic matter and nutrients)

Secondary parameters:
• Oxygen concentration and hypoxia
• Acidification – merged with „changes in carbonate chemistry”
• Pelagic habitats – moved to „ecosystem dimension”
• Nutrient concentration and eutrophication – moved from „human dimension”, lead by Bärbel Müller-Karulis
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Links to other parameters.
Temperature (sea) and heat waves
Salinity and saltwater inflows
Stratification and ocean circulation
Precipitation and extreme events
Nutrient concentrations and eutrophication
Riverine nutrient loads and atmospheric deposition

Description

The carbonate system (CO2 system) is a major component of the acid/base balance in seawater and 
thus shapes the seawater pH. It is characterized by the thermodynamic equilibria between hydrogen 
ions (reported as pH) and the different CO2 species (CO2, H2CO3, HCO3

-, CO3
2-). 

Ocean Acidification is a mechanism of seawater pH decrease mostly due to the rising CO2 concentration 
in the atmosphere and thus also in the surface seawater. 
The exchange of CO2 between the water and the atmosphere is controlled by the air–sea difference in 
partial pressure of CO2 at the surface and by the efficiency of the transfer processes.



What is already happening?

The seasonality in the CO2 partial pressure (pCO2) in the surface Baltic Sea is controlled by the
biologically driven processes (organic matter production and remineralization) as well as changes in the
mixed layer depth, and the seasonal cycle of sea surface temperature. Depending on the season the
Baltic Sea is a sink (summer) or a source (winter) of CO2 to the atmosphere, net annual mean is
relatively small. Enhanced organic matter production (euthrophication) and remineralization have
increased the amplitude of seasonal pCO2 and pH changes with relatively low effect on the mean
values. Ocean acidification is to large extent mitigated in the Baltic Sea by the recently observed total
alkalinity (AT) increase.
Level of confidence: high

Extremes
The event of very high organic matter production identified in the Odra River estuary (the Szczecin
Lagoon) has led to the extreme drop in pCO2 and increase in pH and caused spontaneous mineral
precipitation of CaCO3. This mechanism has a potential to influence the AT loads from AT-rich
continental rivers.
Level of confidence: low



What is expected to happen?

Future changes in atmospheric pCO2 levels and total alkalinity pools will influence seawater pCO2 and
pH and the structure of the marine CO2 system. The projected increased runoff to the Baltic Sea, in
particular to northern catchments, may result in AT and pH reduction related to desalination and shifts
in the proportions of river water coming from silicate dominated Scandinavian Peninsula and limestone
dominated continental catchments. On the other hand, the higher atmospheric pCO2 will enhance
weathering processes on land and AT release from the catchment, while eutrophication may increase
internal AT generation. The net effect remains unknown. However, even if AT in the Baltic Sea will
increase, a doubling of atmospheric pCO2 (RCP 8.5) will result in pH decrease.
Level of confidence: low/medium

Extremes
N/A



Knowledge gaps

(1) Due to the high spatial and temporal variability of the seawater pCO2 it is not known whether the 
Baltic Sea as a whole is a net sink or net source of CO2.

(2) It is unclear what is the source of total alkalinity increase in the Baltic Sea, and whether it will 
continue in the future with the same magnitude.

(3) Ecosystem productivity and thus pCO2 decrease in the period after the spring bloom (from mid-April 
until mid-June) is not explained quantitatively due to the missing N source.

(4) The future CO2 emissions are unknown.



Policy relevance

Rising atmospheric CO2 concentration is one of the main drivers shaping the structure of the marine
CO2 system and a direct cause of ocean acidification. A reduction in anthropogenic CO2 emissions on
the global scale is required to counteract these processes. Locally, implementation of BSAP resulting in
comparatively low nutrient loads and favorable oxygen conditions may lead to the smallest wintertime
pH reduction.





Riverine nutrient loads and atmospheric deposition (incl. dissolved organic matter and nutrients) –
primary parameter

by
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Links to other parameters.
---

Description

The timing and magnitude of nitrogen and phosphorus inputs from land to the sea via waterborne and
atmospheric transport.
Waterborne nutrient loads are strongly impacted by patterns of precipitation and run-off.
External nutrient loads strongly impact the eutrophication status of the sea.

The timing and magnitude of nitrogen input from the atmosphere to the sea.
Airborne nutrient deposition is controlled by (i) atmospheric emission of nutrients and its seasonality,
but also by (ii) regional wind patterns, (iii) the precipitation features.
Albeit small compare to the riverine input, airborne nutrient loads can impact the eutrophication of the
open sea, where the riverine input does not easily reach.



What is already happening?

No statistically significant linear trends in annual river discharge to the sea has been detected. Winter 
flows have increased due to temperature while spring flows have decreased (BACC II)
PLC reports statistically significant reductions in riverine nutrient loads to the sea relative to the 1997 to 
2003 reference period (PLC6).
These reductions are not attributed to climate. 
DOC inputs to the sea have increased over the past century but the cause is not known (BACC II).
No trends in nutrient deposition can be reliably associated with the climate change. Emission reduction 

efforts keep reducing both NOy and NHx concentrations and depositions. However, NHx emission and 
model-predicted deposition reduction both stalled since mid-2000s (Gauss et al., 2019). Similar pattern 
is shown by wet deposition observations (Colette et al., 2012)
Level of confidence: ---

Extremes
Major heat waves are occurring more frequently and are accompanied with stronger fires, especially to 
the east of the Baltic Sea. The fire-related emissions are also updating the records almost every other 
year (http://is4fires.fmi.fi). 
Level of confidence: ---

http://is4fires.fmi.fi/


What is expected to happen?

Nutrient loads:
GCMs suggest the north be wetter and the south will be drier (BACC II). 
Models suggest land-based nutrient management will have greater effect on loads than uncertainties 
caused by greenhouse gas emission scenarios
(Saraiva et al. 2019)
DOC inputs will increase in areas affected by permafrost thaw (BACC II)
Existing scenario simulations of the Baltic Sea were carried out with nutrient load scenarios that span 
the range of plausible future socio-economic conditions from the most optimistic (BSAP) to the worst 
scenario (Saraiva et al., 2019; Meier et al., 2019).
In the reference scenario, nutrient loads represent the average loads of the period 2010-2012. The high 
or worst case scenario assumes changes caused by a ‘fossil-fuelled development’ scenario coupled to 
increasing river runoff. Changes in nitrogen and phosphorus loads were calculated from regional 
assumptions, e.g., on population growth, changes in agricultural practices such as land and fertilizer use 
and expansion of sewage water treatment plants (Zandersen et al., 2019).
Level of confidence: ---

Extremes
---



What is expected to happen?

Atmospheric depostion:
1) Modelling studies consensus is that the climate change per-se has very limited impact on AQ and 
related depositions. Much bigger impact comes from emission changes, which partly can be prompted 
by the climate change, i.e. the indirect impact is the main (Colette et al., 2015; Langner et al., 2012; 
Simpson et al., 2014; Soares et al., 2016) and references therein
2) Among the sources of concern is the NH3 evaporation from manure fields & storages: 40-100% more 
NH3 emission per each 5C temperature rise. (Sutton et al., 2013) (Skjøth and Geels, 2013)

Level of confidence: ---

Extremes
Stronger and longer dry spells and heat waves prompt the vegetation fires, sources of NOy, NH3 and 
organic aerosols. Such events will cause strong episodic nutrient deposition onto the sea.
Level of confidence: ---



Knowledge gaps

(1) How fertilization practices, crops grown, and land use will change in response to climate change.
(2) Ammonia emission and its dynamics are among the worst-known processes controlling the nutrient 

deposition.



Policy relevance

The coastal countries have agreed to reduce nitrogen and phosphorus loads from land to the sea in the 
Baltic Sea Action Plan (BSAP). The effects of climate change, both on the eutrophication and the 
delivery of nutrients from land to sea have not been incorporated into the BSAP. The Water Framework 
Directive requires EU member states to develop programmes of measure to reduce nutrient inputs in 
their River Basin Management Plans.
Reduction of NH3 emission, unlike NOx, requires large efforts and political and public consensus. Since 
the poorly controlled processes such as NH3 evaporation are likely to increase the semi-natural 
emission fluxes, need for additional efforts seems to be growing





Oxygen concentration and hypoxia – secondary parameter
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Links to other parameters.
Temperature (sea) and heat waves
Salinity and saltwater inflows
Stratification and ocean circulation
Nutrient concentrations and eutrophication
Riverine nutrient loads and atmospheric deposition

Description

Dissolved oxygen concentration in the water column is controlled by physical transport supply
(advection and diffusion) and biological oxygen demand for oxidation of organic matter. Due to limited
ventilation largely incapable to meet the oxygen demand by elevated concentrations of organic matter
in the water column and sediments (eutrophication), the Baltic Sea deeps suffer from deoxygenation
and hypoxia. Hypoxic area is defined as the extent of bottom water with oxygen concentrations below a
threshold such as 2 mL O2 L−1. Hypoxia is characterized by the lack of higher forms of life.



Where is the change seen first? Is it already happening?

Despite the decrease of nutrient loads from land after the 1980s, recently observed oxygen
consumption rates are higher than ever observed, limiting the impact of natural ventilation by oxygen-
enriched saltwater intrusions in the open Baltic Sea. Improving oxygen conditions have been observed
in some coastal systems, where inputs of nutrients and organic matter have been abated. However,
hypoxia remains a large problem for many coastal systems, displaying unaltered or even worsening
conditions. In 2016 the annual maximum extent of hypoxia covered an area of about 70,000 km2,
whereas 150 years ago hypoxia was presumably not existent or at least very small.

Level of confidence: high



Level of confidence: medium

What is expected to happen?

Projected warming and global mean sea level rise may reinforce eutrophication and oxygen depletion in
the Baltic Sea by reducing air-sea and vertical transports of oxygen -, intensifying internal nutrient
cycling, and increasing river-borne nutrient loads. However, the response of deep-water oxygen
conditions to changing climate will mainly depend on the nutrient load scenario. In the case of high
(low) nutrient loads, the impact of the changing climate would be considerable (negligible). Scenario
simulations suggest that the complete implementation of the BSAP resulting in required load
reductions will lead to a significantly improved ecosystem state of the Baltic Sea irrespective of the
driving global climate model



Knowledge gaps

A recent assessment suggests that the biggest uncertainties in projections of biogeochemical cycles are 
caused by:
(1) poorly known current and future bioavailable nutrient loads from land and atmosphere, 
(2) the setup of numerical scenario experiments (including the spin up strategy), 
(3) differences between the projections of global and regional climate models, in particular, with 

respect to the global mean sea level rise and regional water cycle, 
(4) differing model-specific responses of the simulated biogeochemical cycles to long-term changes in 

external nutrient loads and climate of the Baltic Sea region, and 
(5) unknown future greenhouse gas emissions.



Policy relevance

Nutrient loads have been reduced since the 1980s. However, the targets for the maximum allowable 
loads were not reached yet completely. In addition, the system response to nutrient load changes is 
slow currently preventing the Baltic Sea from a Good Ecological Status. As climate change will worsen 
oxygen conditions, the full implementation of the load reductions of the BSAP is needed because 
scenario simulations suggest that the fully implementation of the BSAP nutrient load abatement 
strategy will result in mitigation. The results of ongoing scenario simulations have high relevance for the 
update of the BSAP.
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