
Karol Kuliński

Biogeochemical cycles in the Baltic Sea

Climate of the Baltic Sea Region
International Baltic Earth Summer School

20-27 August 2018



Outline:

I. Carbon – the chemical element conditioning climate
II. Role of marine environment in the carbon cycle
III. Marine CO2 system and ocean acidification
IV. Peculiarities of the Baltic Sea



Outline:

I. Carbon – the chemical element conditioning climate
II. Role of marine environment in the carbon cycle
III. Marine CO2 system and ocean acidification
IV. Peculiarities of the Baltic Sea



Source: WHO Library Cataloguing-in-Publication Data, 2015



Source: NASA, Climate Kids
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Greenhouse effect and greenhouse gases –
good or bad?



Source: slideshare.net



Source: NASA, Climate Kids
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Source: NASA, Climate Kids

https://climatekids.nasa.gov/time-machine/

https://climatekids.nasa.gov/time-machine/


Source: IPCC, 2014

dots – data from ice cores
lines – direct measurements



Source: NOAA



Source: NOAA

Detailed analysis show that the slope increases



Source: NASA

https://www.youtube.com/watch?v=x1SgmFa0r04

https://www.youtube.com/watch?v=SHzRBMBVu-4

https://www.youtube.com/watch?v=x1SgmFa0r04
https://www.youtube.com/watch?v=SHzRBMBVu-4
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Source: Chisholm, 2000



Source: Emerson & Hedges, 2008



Source: WMO, 2017
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Source: Chisholm, 2000



Source: www.learner.org

CaCO3 + H2O + CO2  Ca2+ + 2HCO3

CH2O  + O2                         CO2 + H2O

CO2 + H2O      CH2O + O2

Ca2+ + 2HCO3          CaCO3 + H2O + CO2



Source: K. Koziorowska



Source: NASA



Source: Takahashi et al., 2009

Oceans absorb globally 1,6±0,9 Pg C yr-1



Source: Feely et al., 2004



Borges  i in., 2006

Morza szelfowe absorbują ok.
0,3 Pg C rok-1

Obszary przybrzeżne emitują
ok. -0,5 Pg C rok-1

(Chen i Borges, 2009)

Role of the shelf seas
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Source: Laruelle et al., 2010



Source: Laruelle et al., 2010



Source: Laruelle et al., 2010



Source: Borges & Delille
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Source: www.whoi.edu



Seawater acid-base system

Measurable parameters:
o CT – total CO2 concentration (DIC)

CT = [CO2]*+ [HCO3
-] + [CO3

2-]

o AT – total alkalinity
AT = [HCO3

-] + 2[CO3
2-] + [B(OH)4

-] + [OH-] + … - [H+] - …

o pCO2 – CO2 partial pressure

o pH –spectrophotometric measurement with m-cresol purple, total scale
pHT = − log ( [H+]F + [HSO4

-] ) = − log [H+]T

It is possible to calculate 2 parameters when the following is known:
o other 2 parameters
o temperature & salinity
o equilibrium constants for each of the acid dissociation reactions
o total concentrations for each non-CO2 substances

The pair used in the calculations:
o CT & AT – recommended, used in biogeochemical modelling
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Concentration of CO2
* as a function of S and T

Source: B. Schneider



Source: B. Schneider
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Source: Bates et al., 2012
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Source: NOAA



Source: NOAA



Source: Riebesell et al., 2000

30
0 

pp
m

78
0-

85
0 

pp
m

Gephyrocapsa
oceanica

Calcidiscus
leptoporus

Emiliania
huxleyi



Source: IPCC, 2014



Global aragonite saturation 2099

Orr et al. (2005, Nature)
Source: Orr et al., 2005



Calciferous organisms

coccolithophores calcite days

foraminifera calcite weeks

pteropods aragonite months

corals aragonite months/years

CaCO3
production

period

doubling of CO2 in 
the atmosphere

decrease in calcification
by 20-40 %



Source: NOAA
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Source: SMHI



Source: Kuliński et al., 2017 modified after Schneider , 2011 

Source: Biological Oceanography of the Baltic Sea



Source: NASA



Source: PAP



Source: B. Schneider



Source: Omstedt et al., 2009



Source: SMHI



Source: Thomas & Schneider, 2009



Source: Kuliński et al., 2016



Source: Kuliński et al., 2016



Baltic Sea sink or source???

• 10.8 g C m-2 yr-1  

(Thomas et al., 2003)

• 36.0 g C m-2 yr-1

(Kuss et al., 2006)

• -35.4 g C m-2 yr-1

(Algesten et al., 2006)

• -19.7 g C m-2 yr-1

(Wesslander et al., 2010)

• -28.1 g C m-2 yr-1

(Wesslander et al., 2010)
HELCOM, 2007



Baltic Sea

North Sea

Atmosphere

Land

Sediments
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Values are in Tg (1012 g) C yr-1

River run-off
IC:  62%
OC: 38%

Import from the
North Sea
IC:  95%
OC:   5%

Export to the
North Sea
IC:  83%
OC: 17%
Return flux from the
sediments
IC:  91%
OC:   9%

Net CO2 emission to the atmosphere?

-1.05 ± 1.71 Tg C yr-1

-3.0 ± 4.88 g C m-2 yr-1

Source: Kuliński & Pempkowiak, 2011



Seawater acid-base system

Measurable parameters:
o CT – total CO2 concentration (DIC)

CT = [CO2]*+ [HCO3
-] + [CO3

2-]

o AT – total alkalinity
AT = [HCO3

-] + 2[CO3
2-] + [B(OH)4

-] + [OH-] + … - [H+] - …

o pCO2 – CO2 partial pressure

o pH –spectrophotometric measurement with m-cresol purple, total scale
pHT = − log ( [H+]F + [HSO4

-] ) = − log [H+]T

It is possible to calculate 2 parameters when the following is known:
o other 2 parameters
o temperature & salinity
o equilibrium constants for each of the acid dissociation reactions
o total concentrations for each non-CO2 substances

The pair used in the calculations:
o CT & AT – recommended, used in biogeochemical modelling



The total alkalinity of seawater is defined as the excess of proton acceptors (bases 
formed from weak acids with a dissociation constant K≤10-4.5 at 25ºC) over proton 
donors (acids with K>10-4.5) and expressed as a hydrogen ion equivalent in one 
kilogram of sample (Dickson, 1981):

HCl

seawater

Total alkalinity

AT = [HCO3
-] + 2[CO3

2-] + [B(OH)4
-] + [OH-] + [HPO4

2-]
+ 2[PO4

3-] + [SiO(OH)3
-] + [NH3] + [HS-] + … + minor bases

– [H+]wolny – [HSO4
-] – [HF] – [H3PO4] - …- minor acids



Source: Kuliński & Pempkowiak, 2011 Source: HELCOM

Values are in Mt (1012 g) C yr-1

Source: Kuliński et al., 2011



hypothetical structure of humic-like substances

Functional groups in DOM



AT = [HCO3
-] + 2[CO3

2-] + [B(OH)4
-] + [OH-] + [HPO4

2-]
+ 2[PO4

3-] + [SiO(OH)3
-] + [NH3] + [HS-] + … + Organics

– [H+]wolny – [HSO4
-] – [HF] – [H3PO4] - …

The total alkalinity of seawater is defined as the excess of proton acceptors (bases 
formed from weak acids with a dissociation constant K≤10-4.5 at 25ºC) over proton 
donors (acids with K>10-4.5) and expressed as a hydrogen ion equivalent in one 
kilogram of sample (Dickson, 1981):

orgAinorganicATA +=

HCl

seawater

Total alkalinity



f = 0.12
pKDOM = 7.34

Source: Hammer et al., 2014 



The total alkalinity of seawater is defined as the excess of proton acceptors (bases 
formed from weak acids with a dissociation constant K≤10-4.5 at 25ºC) over proton 
donors (acids with K>10-4.5) and expressed as a hydrogen ion equivalent in one 
kilogram of sample (Dickson, 1981):

HCl

seawater

Total alkalinity

AT = [HCO3
-] + 2[CO3

2-] + [B(OH)4
-] + [OH-] + [HPO4

2-]
+ 2[PO4

3-] + [SiO(OH)3
-] + [NH3] + [HS-] + … + minor bases

– [H+]wolny – [HSO4
-] – [HF] – [H3PO4] - …- minor acids



AT = [HCO3
-] + 2[CO3

2-] + [B(OH)4
-] + [OH-] + [HPO4

2-]
+ 2[PO4

3-] + [SiO(OH)3
-] + [NH3] + [HS-] + … + Organics

– [H+]wolny – [HSO4
-] – [HF] – [H3PO4] - …Source: Kuliński et al., 2018 



Source: Kuliński et al., 2018 



Source: SMHI Source: balticseaweed.com



Source: Kuliński et al., in prep.



Source: Hammer et al., 2017



Source: Kuliński et al., 2017 modified after Omstedt et al., 2010 



Source: Bates et al., 2012
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Source: Müller et al., 2016



Source: Müller et al., 2016



Source: Emerson & Hedges, 2008



(𝐶𝐶𝐶𝐶2𝑂𝑂)106(𝑁𝑁𝐶𝐶3)16 𝐶𝐶3𝑃𝑃𝑂𝑂4 + 138𝑂𝑂2 →
106𝐶𝐶𝑂𝑂2 + 16𝐶𝐶+ + 16𝑁𝑁𝑂𝑂3− + 122𝐶𝐶2𝑂𝑂 + 𝐶𝐶3𝑃𝑃𝑂𝑂4
ΔAT = -16

(𝐶𝐶𝐶𝐶2𝑂𝑂)106(𝑁𝑁𝐶𝐶3)16 𝐶𝐶3𝑃𝑃𝑂𝑂4 + 236𝑀𝑀𝑀𝑀𝑂𝑂2 + 472𝐶𝐶+ →
236𝑀𝑀𝑀𝑀2+ + 106𝐶𝐶𝑂𝑂2 + 8𝑁𝑁2 + 366𝐶𝐶2𝑂𝑂 + 𝐶𝐶3𝑃𝑃𝑂𝑂4
ΔAT = +472

(𝐶𝐶𝐶𝐶2𝑂𝑂)106(𝑁𝑁𝐶𝐶3)16 𝐶𝐶3𝑃𝑃𝑂𝑂4 + 84.8𝐶𝐶+ + 84.8𝑁𝑁𝑂𝑂3− →
106𝐶𝐶𝑂𝑂2 + 42.4𝑁𝑁2 + 16𝑁𝑁𝐶𝐶3 + 148.4𝐶𝐶2𝑂𝑂 + 𝐶𝐶3𝑃𝑃𝑂𝑂4
ΔAT = +100.8

(𝐶𝐶𝐶𝐶2𝑂𝑂)106(𝑁𝑁𝐶𝐶3)16 𝐶𝐶3𝑃𝑃𝑂𝑂4 + 212𝐹𝐹𝑒𝑒2𝑂𝑂3 + 848𝐶𝐶+ →
424𝐹𝐹𝑒𝑒2+ + 106𝐶𝐶𝑂𝑂2 + 16𝑁𝑁𝐶𝐶3 + 530𝐶𝐶2𝑂𝑂 + 𝐶𝐶3𝑃𝑃𝑂𝑂4
ΔAT = +864

(𝐶𝐶𝐶𝐶2𝑂𝑂)106(𝑁𝑁𝐶𝐶3)16 𝐶𝐶3𝑃𝑃𝑂𝑂4 + 53𝑆𝑆𝑂𝑂42− →
106𝐶𝐶𝑂𝑂2 + 16𝑁𝑁𝐶𝐶3 + 53𝑆𝑆2− + 106𝐶𝐶2𝑂𝑂 + 𝐶𝐶3𝑃𝑃𝑂𝑂4
ΔAT = +122

(𝐶𝐶𝐶𝐶2𝑂𝑂)106(𝑁𝑁𝐶𝐶3)16 𝐶𝐶3𝑃𝑃𝑂𝑂4 → 53𝐶𝐶𝑂𝑂2 + 53𝐶𝐶𝐶𝐶4 + 16𝑁𝑁𝐶𝐶3 + 𝐶𝐶3𝑃𝑃𝑂𝑂4
ΔAT = +16

Sediments – source of alkalinity

Source: Kuliński et al., 2017



Source: Arrigo, 2005



Source: Łukawska-Matuszewska & Graca, 2018
Source: Berner, 1983



Source: HELCOM



hypothetical structure of humic-like substances



Source: Hoikkala et al., 2015



Peculiarities of the acid-base system in the Baltic Sea
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