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1. Introduction

The main intention of this report is to give a general description of how the marine CO, system is
incorporated into BALTSEM, a coupled physical-biogeochemical Baltic Sea model (cf. Savchuk et al.,
2012). The CO, system involves four parameters; dissolved inorganic carbon (DIC or C;), total
alkalinity (TA or A7), CO, partial pressure (pCO,), and pH. If any two of these parameters are known
(together with other state variables such as temperature and salinity), the other two can be
calculated. DIC and alkalinity are chosen as model state variables as they are conservative with
regard to changes in temperature and salinity (as opposed to pCO, and pH that are strongly
dependent especially on temperature). A comprehensive description of the marine CO, system in
general, and the Baltic Sea CO, system in particular, is given by Schneider (2011). Furthermore, all
definitions and calculations employed are described in detail by Dickson et al. (2007).

Alkalinity and DIC are mainly transported to the Baltic Sea from rivers, but also from the North Sea.
Alkalinity can be produced or consumed by different biogeochemical processes (Section 2.2.1-2.2.6),
and is in addition transported to the North Sea through the open boundary in Northern Kattegat. DIC
is assimilated by phytoplankton and again released when organic carbon is mineralized. Burial of
freshly produced organic material is a permanent sink for carbon, but the major carbon sink is
outflow to the North Sea (Kulinski and Pempkowiak, 2011). Differences in CO, partial pressure
between atmosphere and surface water together with wind speed determine the CO, uptake or
outgassing in different sub-basins (Section 2.3.1). The magnitude and direction of air-sea CO,
exchange varies between sub-basins and also seasonally within basins (e.g. Kulinski and Pempkowiak,
2011; Schneider, 2011). The Gulf of Bothnia has earlier been described as a source of CO, to the
atmosphere (Algesten et al., 2006), whereas conflicting results have been reported for the Baltic
Proper (cf. Kulinski and Pempkowiak, 2011).

Formation and precipitation of calcium carbonate (CaCOs;) is a sink term for alkalinity and DIC,
whereas dissolution of CaCO; on the other hand is a source term for both variables. In the Baltic
Proper as well as the eastern and northern gulfs, formation of CaCO; seems to be negligible. The
reason is believed to be unsaturation of calcite and aragonite mineral forms of CaCO; in winter and
early spring (Tyrrell et al., 2008). In the Kattegat and Belt Sea, calcite seems to be oversaturated
throughout the year, and the coccolithophore Emiliania Huxleyi can at times form massive blooms in
the Skagerrak-Kattegat area (Blanz et al., 2005). Nevertheless, precipitation and dissolution of CaCO;
are at this point not included as processes in the model, but may be a topic for future studies. A short
description of how calcite and aragonite saturation states (Qca and Qag) are calculated is presented in
Appendix B.

Below, the main processes that affect the concentrations of DIC and alkalinity are discussed in detail
(Section 2.2). This if followed by a description of model forcing and boundary conditions (Section
2.3), and an overview of the available observations of CO, system parameters (Section 2.4). Model
performance on both long-term average scale (Section 3.1), and on short-term scale (Section 3.2) is
analysed in terms of comparisons between model results and observations. Finally, budget
calculations reveal the overall main source and sink terms of both DIC and alkalinity in the Baltic Sea
(Section 3.3).



2. Methods

2.1. Modelling the CO; system

To determine the inorganic carbon system, DIC and alkalinity are included as state variables in the
BALTSEM model (for a detailed description of BALTSEM, see Savchuk et al., 2012). However, as DIC is
highly influenced by production and mineralization of organic carbon, the major particulate and
dissolved organic carbon species must be included as well. In this version of BALTSEM, four dissolved
organic carbon (DOC) state variables — labile and refractory fraction of both autochthonous and
allochthonous DOC — are together with autochthonous and allochthonous detrital and benthic
carbon added as new state variables (Table 1). In addition, all plankton groups contain particulate
organic carbon. Hydrogen sulphide is modelled as a separate state variable in order to account for
alkalinity sources and sinks during anoxic conditions.

Table 1. Model state variables included to determine carbon fluxes in BALTSEM.

Notation Meaning Unit
Pelagic

Cr Dissolved inorganic carbon pmol kg™
Ar Alkalinity pmol kg™
H,Sr Hydrogen sulphide pmol kg™
DETC,, Carbon detritus (autochthonous) mg C m*
DETCr Carbon detritus (allochthonous) mg C m*
DOCLy, Labile autochthonous DOC mgCm>
DOCRy, Refractory autochthonous DOC mg C m>
DOCLr Labile allochthonous DOC mg C m>
DOCR; Refractory allochthonous DOC mg C m>
Benthic

BENC, Benthic organic carbon (autochthonous) mg C m”
BENC; Benthic organic carbon (allochthonous) mg C m”

Dissolved CO, and carbonic acid (H,COs) are difficult to separate analytically, these two species are
thus combined:

[CO3] = [CO;] + [H,CO3]

(2.1)
DIC is then defined as:
Cr = [CO3] + [HCOz] + [CO37]

(2.2)
The definition of alkalinity follow that by Dickson (1981):

Ar = [HCO3] + 2[C0O%7]1+ [B(OH);] + [OH™] + [HPOZ™] + 2[P03~] + [SiO(OH)3] + [NH3]
+ [HS™] — [H*] — [HF] — [H3P0,] + [organic alkalinity]

(2.3)



In BALTSEM, alkalinity is determined by the expression above with the exception that organic
alkalinity is not included (cf. Section 2.2.6) since the magnitude of this term is unclear (Ulfsbo et al.,
2011).

Though pCO, and pH are not state variables, their values can be calculated at any moment using DIC,
alkalinity, temperature, salinity, and concentrations of a few other state variables. The definition of
pH is as follows

[H*] = 107"" & pH = —log,o([H*])
(2.4)

The partial pressure of CO, is calculated from the [COZ*] concentration and the temperature and
salinity dependent solubility constant Kj:

[CO;]

pCO, = K,

(2.5)

Details for the calculations of pH and pCO, are outlined in Appendix A.

2.2. Biogeochemical processes

Alkalinity is affected by several biogeochemical processes; nitrate and ammonium based primary
production, mineralization, nitrification, denitrification, sulphate reduction, and sulphide oxidation.
All these processes are modelled according to the descriptions by Wolf-Gladrow et al. (2007). The
processes accounted for in BALTSEM are described below. In these examples, Redfield stoichiometry
is used and the changes in alkalinity and DIC resulting from different processes are calculated (Table
2).

Table 2. Changes in DIC and alkalinity using the stoichiometry of Equation 2.6-2.12.

Process Equation AC; AA;
Nitrate based production 2.6 -106 17
Ammonium based production 2.7 -106 -15
Aerobic mineralization 2.8 106 15
Nitrification 2.9 10 -32
Denitrification 2.10 106 99.8
Sulphate reduction 2.11 106 121
Sulphide oxidation 2.12 0 -106

2.2.1. Primary production

The effect of phytoplankton production depends on the nitrogen source. When nitrate or nitrite is
assimilated, alkalinity increases as [H'] is co-assimilated in order to maintain electroneutrality within
the cell (Wolf-Gladrow et al., 2007). If ammonium on the other hand is the nitrogen source, alkalinity
decreases because of a simultaneous uptake of [OH]. Nitrogen fixation, finally, does not (directly)
affect alkalinity.



Production based on nitrate
106HCO; + 16NO35 + HPO}‘ + 124H* + 16H,0 - (CH,0)106(NH3),4(H3P0,) + 1380,

(2.6)
Production based on ammonium
106HCO3 + 16NH; + HPOZ~ + 160H~ + 108H*
- (CH,0)196(NH3),14(H3P0,) + 1060, + 16H,0
(2.7)

2.2.2. Aerobic mineralization

Mineralization of organic material increases alkalinity as hydroxide is released together with
ammonium. If dissolved oxygen is present in the water, the ammonium will subsequently be oxidised
into nitrate. Nitrification decreases alkalinity partly because of [OH] removal and partly because of
[H] release. If organic material that was produced with nitrate as nitrogen source is completely
mineralized and all released ammonium nitrified, the net effect on alkalinity is zero. There may
however be a vertical displacement of alkalinity due to mixing and sedimentation — production,
mineralization and nitrification in general do not occur at the same depths (cf. Edman and Omstedt,
2013). If organic material based on ammonium or atmospheric nitrogen is completely mineralized
and nitrified, the net effect is that alkalinity decreases.

Mineralization
(CH,0)196(NH3),¢(H3PO,) + 1060, + 16H,0
- 106HCO; + 16NH;r + 160H™ + HPO;™ + 108H*

(2.8)

Nitrification
16NH{ + 160H™ + 320, » 16NO3 + 16H* + 32H,0

(2.9)

2.2.3. Anaerobic mineralization

If all dissolved oxygen is consumed, nitrate can be used to oxidise organic material. As nitrate is
removed, a simultaneous loss of [H'] results in a net alkalinity source associated with denitrification.
Metal oxides such as manganese dioxide (MnO,) and iron oxy-hydroxide (FeOOH) may also be
reduced in the absence of dissolved oxygen resulting in increased alkalinity (e.g. Ulfsbo et al., 2011).
Concentrations of these species are however normally negligible and reduction of metal oxides is for
that reason not included in BALTSEM. Instead, when both oxygen and nitrate are depleted, sulphate
is used to oxidise organic material. Sulphate reduction is a large alkalinity source, but as the anoxic
water is again supplied with oxygen, most sulphide is oxidised and the net effect on alkalinity of
anoxic-oxic transitions is thus dampened. In the Belt Sea, Kattegat and Skagerrak region, Jgrgensen et
al. (1990) estimated that between 4-32% of the sulphide produced during anoxic conditions was
permanently buried as pyrite. In this study, it is assumed that 70% of the sulphide produced during
anoxic conditions is re-oxidized and the remaining 30% buried. Thus, anoxic conditions results in a
net alkalinity increase.



Denitrification
(CH,0)196(NH3)14(H3PO,) + 84.8NO3 + 84.8H*
- 106HCO3 + 42.4N, + 16NH} + 160H~ + HPOZ™ + 108H* + 26.4H,0

(2.10)
Sulphate reduction
(CH,0)19¢(NH3)16(H3P0O,) + 53502~ + 53H* + 16H,0
- 106HCO3 + 53HS™ + 16NH} + 160H~ + HPOZ~ + 108H*
(2.11)
Sulphide oxidation
1060, + 53HS™ - 53505~ + 53H*
(2.12)

2.2.4. Production of hard parts

The effect on alkalinity associated with biogenic silica production is assumed to be zero (Wolf-
Gladrow et al., 2007). Production and dissolution of calcium carbonate shells, on the other hand, may
have a large effect on alkalinity in some sea areas. As discussed above, calcifiers are not accounted
for in the model (and apparently more or less absent except in the Kattegat and possibly the Belt Sea,
cf. Tyrrell et al., 2008), and the effects of CaCOj; precipitation/dissolution are thus not included.

Formation of biogenic silica
Si(OH), — SiO, + 2H,0

(2.13)

Formation of calcite/aragonite
Ca?t + 2HCO3 - CaCO03 + H,CO;

(2.14)

2.2.5. Burial

Burial of organic nitrogen is a net alkalinity source, as the combined effect of mineralization and
subsequent nitrification (that are prevented to occur if organic material is permanently lost from the
system) is an alkalinity decrease.

2.2.6. Organic alkalinity

The possibly significant, but highly uncertain, influence on alkalinity related to dissolved organic
carbon (DOC) production and mineralization is not included. It has been observed in other areas that
DOC released by primary producers may increase the alkalinity, approximately by one alkalinity unit
per DOC unit (Kim and Lee, 2009). Thus, during net primary production, the surface water may
become slightly more buffered, resulting in a small pH increase and pCO, drop. When this DOC is
subsequently mineralized, pCO, will be amplified and pH diminished; the overall effect of this organic
alkalinity is thus an amplified seasonal cycle of both pCO, and pH. To the present author’s
knowledge, studies on the influence of DOC production/mineralization on Baltic Sea alkalinity have
not been published.



2.3. Forcing

2.3.1. Air-sea CO; exchange

Gas exchange between ocean and atmosphere is controlled by the air-sea difference in CO, partial
pressure and by the wind speed dependent transfer velocity. The exchange (mol kg™ cm h™') can be
written (e.g. Wanninkhof et al., 2009):

Fcoz = kweo2Ko(pCOY — pCO3)
(2.15)

Here, K, (mol kg™ atm™) is the CO, gas solubility (Weiss, 1974), whereas pCO,,, and pCO,, (atm) are
carbon dioxide partial pressure in surface water and air respectively. Several different
parameterizations for the transfer velocity, ko, (cm h"l), have been described in the literature. The
transfer velocity not only depends on wind speed, but can also be influenced by mixed layer depth
and atmosphere stratification (Rutgersson and Smedman, 2010). Nevertheless, the parameterization
used in this study follows that by Weiss et al. (2007):

660

kwcoz = keso Sc

(2.16)

Here, kg5 is the normalized transfer velocity (Wanninkhof et al., 2009), and Sc is a temperature
dependent Schmidt number (Wanninkhof, 1992).

Atmospheric pCO:

The Baltic Sea atmospheric CO, (pCO,,) was constructed from observations at two other stations;
Mauna Loa in Hawaii (1958-2008; http://cdiac.ornl.gov/ftp/trends/co2/maunaloa.co2), and Barrow
in Alaska (1974-2007; http://cdiac.ornl.gov/ftp/trends/co2/barrsio.co2). Barrow is the northern
hemisphere background station. On average, Baltic Sea atmospheric CO, exceeds Barrow station CO,

by only 3 ppm (Schneider, 2011). Time series for Baltic Sea atmospheric CO, was constructed as
follows: First, the linear trend over the 1974-2006 period was calculated for Barrow station (Figure 1,
upper panel). Second, the average monthly anomaly (Figure 1, lower panel) was added to the linear
trend. The concentrations in this constructed time series were increased by 3 ppm to achieve an
approximation of Baltic Sea pCO,, over the 1974-2006 period. In order to extend the time series
backwards in time, the linear trend from Mauna Loa station was used (corrected for the average
difference between Barrow and Mauna Loa, and also for the average difference between Baltic Sea
and Barrow) over the 1958-1974 period together with the average monthly anomaly from Barrow.
These two constructed time series were then combined to achieve Baltic Sea atmospheric CO, over
the 1958-2006 period (Figure 2).
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Figure 2. Constructed atmospheric CO, (ppm) for the Baltic Sea region over the 1958-2006 period.



2.3.2. River loads

Different geological structures in catchment areas around the Baltic Sea result in a wide range of
riverine alkalinity and background DIC concentrations (Beldowski et al., 2010). Riverine DIC is in
addition influenced by respiration and CO, exchange with the atmosphere (Humborg et al., 2009).
Due to a limited amount of direct observations, it is at this point assumed that DIC and alkalinity (and
also DOC) concentrations in river water have constant background values, and added to that average
monthly anomalies. The average monthly anomalies were based on calculations from the watershed
model CSIM (cf. Morth et al., 2007), as applied in a coupled catchment-sea climate sensitivity study in
the Baltic Sea (Omstedt et al., 2012). The estimated background concentrations (Table 3) are based
on measurements, but tuned to fit model results to observations. Alkalinity data for Swedish rivers
were achieved from SLU, the Swedish University of Agricultural Sciences (http://www.slu.se/vatten-

miljo). For several sub-basins, the estimates were improved by adding additional alkalinity
information from the literature. DIC concentrations were partly based on the estimated average
riverine total inorganic carbon (TIC) concentrations by Kulinski and Pempkowiak (2011).

Table 3. Estimated average alkalinity and DIC concentrations (umol kg'l) in river water supplied to the different
sub-basins.

Sub-basin Alkalinity DIC Alkalinity reference

NK 230 310 SLU

CK 1000 1400 SLU, Gazeau et al. (2005)
SK 250 380 SLU

SB 2200 2500 Rebsdorf et al. (1991)

FB 2200 2500 Rebsdorf et al. (1991)

oS 2200 2500

AR 2200 2500 SLU, Rebsdorf et al (1991)
BN 2200 2500

GS 3400 3900

BS 240 350 SLU, Saarinen et al. (2010)
BB 210 360 SLU, Saarinen et al. (2010)
GR 3600 4000

GF 1300 1600

2.3.3. Wet deposition of DIC
Atmospheric CO, dissolves in rainwater, resulting in a DIC source to the sea associated with
precipitation. The DIC concentration in rainwater is given by

[COz]pr = KopCOy,
(2.17)

where K, is the solubility constant (Weiss, 1974) , and pCO,, is CO, partial pressure in the
atmosphere. Kulinski and Pempkowiak (2011) estimated that the average temperature in rainwater is
approximately 10 °C. At this temperature, K, = 0.05 mol I atm™. Between 1970 and 2006, the
atmospheric CO, partial pressure increased from about 325 to 380 patm, and the average DIC
concentration in rainwater (assuming a temperature of 10 °C) has increased from 16 to 19 umol I"*
under the same period. The resulting annual DIC input has been of the order 4-5 Gmol C yr™?, and this
minor source can be neglected.
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2.3.4. Lateral boundary conditions

During oxic conditions, salinity and alkalinity often show a linear correspondence, though the
salinity/alkalinity relation may differ largely between different systems depending on e.g. river
alkalinity (cf. Schneider et al., 2012). DIC concentrations generally follow alkalinity concentrations but
are also affected by primary production and respiration. In order to generate boundary conditions for
both alkalinity and DIC, these two state variables were assumed to correspond linearly to already

existing salinity profiles:

Ar =275 + 1330

(2.18)

Cr =275+ 1160

(2.19)

The correspondence between observed alkalinity/DIC (umol 1) and salinity at the station Anholt East
is indicated by a comparison of annual mean concentrations (Figure 3). It can be seen that the
assumption of linear correspondence between salinity and DIC is not optimal. DIC concentrations
diverges from the linear relation in the deep water (high salinities) due to a net release of DIC
associated with mineralization of organic carbon. In the surface water on the other hand DIC
concentrations are drawn down due to a net DIC assimilation associated with primary production.
Although alkalinity is also affected by biogeochemical processes, the influence is comparatively small

during oxic conditions (cf. Table 2).
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Figure 3. Annual mean observed alkalinity (upper panel) and DIC (lower panel) versus salinity at the station
Anholt East in Southern Kattegat.
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2.4.Data

Data were retrieved from the SHARK database, provided by the SMHI. In the model, it is the two
state variables DIC and alkalinity that are used to calculate pH and pCO,. However, it is usually only
pH and alkalinity that are measured, which implies that “observed” DIC and pCO, have to be
calculated from observed alkalinity and pH (and in addition e.g. temperature, salinity, and hydrogen
sulphide).

One complication is that observations of pH from the SHARK database are reliable starting from 1993
(Andersson et al., 2008), and observations of alkalinity probably from 1995. Comparisons between
model results and observations are thus restricted to the years between 1995 and 2006. Another
complication is that alkalinity data extracted from the SHARK database suffer from a systematic
error. Hydrogen sulphide was apparently already oxidized when the analyses were performed,
resulting in an underestimated alkalinity in anoxic water samples (cf. Ulfsbo et al., 2011). Thus,
measured alkalinity should be corrected according to:

Arcorr = Arops + 2H, St

(2.20)

In the expression above, Ay, is corrected alkalinity, Ay measured alkalinity, and H,S; measured
hydrogen sulphide concentration (umol I™"). In the periodically anoxic parts of the deep water, the
alkalinity generation from sulphate reduction is a major alkalinity source, as shown for the station
BY15 in the Gotland Deep (Figure 4).
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Figure 4. Annual mean alkalinity (umol I'") at the station BY15. Upper panel: corrected alkalinity (cf. Equation
2.20). Lower panel: difference between corrected and measured alkalinity.



At a few stations — e.g. Anholt East in Southern Kattegat, BY5 in the Bornholm basin, and BY15 in the
Gotland Sea — alkalinity and pH data is available with approximately monthly resolution from 1995
and onwards (Figure 5-7). Generally, highly resolved time series over longer time periods are
however lacking for these parameters. This is especially the case in the Bothnian Sea and Bay (where
data coverage for most variables is poor). The Gulfs of Riga and Finland, as well as Sams6é and
Fehmarn Belt are not covered by the SHARK database. However, the ICES database contains pH data
for the Gulfs of Riga and Finland, whereas alkalinity data is very sparse in the Gulf of Finland and
absent in the Gulf of Riga. pH data from the SHARK database are measured at the pH"® scale,
whereas the calculations in BALTSEM are done using the pH™" scale. The pH"®® values are converted

to pH™ by subtracting 0.13 pH units (cf. Edman and Omstedt, 2013).
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Figure 5. Observed alkalinity (umol I'l) and pH at Anholt East.

13



2100

2000
E 1900
£ 1800
3
1700
1600
-80 Al 1 s A1 1 By L Ade 1 1
1996 1998 2000 2002 2004 2006 2008 2010
8.5
E 8
=
a
(7]
©
7.5

1996 1998 2000 2002 2004 2006 2008 2010
Year

Figure 6. Observed alkalinity (umol I”") and pH at BY5 in the Bornholm Basin.
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Figure 7. Observed alkalinity (umol I") and pH at BY15 in the Gotland Sea.
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3. Results and discussion

3.1. Model calibration

To calibrate the model, average observed profiles for the four CO, system parameters over the 1995-
2006 period were compared to average modelled profiles. Below, results are displayed for those sub-
basins of the Baltic Sea where data coverage was comparatively good, i.e., the Southern Kattegat,
Bornholm Basin and Gotland Sea (Figure 8-10).

Discrepancies between modelled and observed alkalinity can partly result from differences between
modelled and observed salinities. Alkalinity is also highly influenced by transitions between oxic and
anoxic conditions (Section 2.2.3). Thus, even small differences between modelled and observed
oxygen can have large consequences for alkalinity when the oxygen concentration is close to zero.
Furthermore, the assumption that alkalinity concentrations in rivers have constant background
values is not optimal. Organic alkalinity may in addition have a so far unknown influence in the

system.
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Figure 8. Comparison between observations at station Anholt E. and model results for the Southern Kattegat
sub-basin covering the 1995-2006 period. Black dots indicate the average modelled value of a state
variable at a certain depth and the black bars the corresponding standard deviation. Similarly, the red
lines and shaded grey areas indicate the depth-dependent average value and standard deviation for
observations. Results for DIC, alkalinity (umol kg'l), pH and pCO, (ppm) are displayed.

15



0 Orq® 0 0
°
10 10} |® 10 10
.
20 20} |® 20 20
°
30 30 |e 30 30
0 °
40 401 \e 40 40
g“ 50 50 50 50
a
60 60 60 60
.-
70 -o- 70 701 -& 70 ——
—o—
80 80 80 80
90 90 90 90
1500 2000 1600 1800 2000 7 7.5 8 2000 4000
C. (umol kg’ 1) AL (umol kg’ 1) pH pCO, (ppm)

Figure 9. Same as Figure 8, but in this case observations at station BY5 are compared to model results from the
Bornholm basin.
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Figure 10. Same as Figure 8, but in this case observations at station BY15 are compared to model results from
the Gotland Sea.

3.2. Seasonal dynamics

Long-term average results for the parameters of the CO, system correspond well to observations, at
least in the sub-basins where data coverage is acceptable (cf. Section 3.1). In this section, seasonal
and inter-annual dynamics of these parameters will be briefly discussed. Model results from the
Gotland Sea are compared to observations from the station BY15 both for surface water (0 m, Figure
11) and deep water (200 m, Figure 12).
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Figure 11. Comparison between observations at station BY15 (red circles) and model results from the Gotland
Sea (black lines). The four panels display pCO, (ppm), pH, DIC, and alkalinity (umol kg™*) at the surface
(0 m) during the 1995-2006 period.

Model results indicate a pCO, increase (and pH dip) between the spring bloom culmination and
cyanobacteria onset (Figure 11). The reason is the increasing water temperature that influences
solubility and dissociation constants. In the real Baltic Sea this temperature related increase in pCO,
is somewhat compensated by a continuous DIC assimilation. In the model however, net
phytoplankton production basically stops when nitrate is depleted during the spring bloom, and
continues only when the water temperature is sufficiently high for cyanobacteria production.

This discrepancy between modelled and real Baltic Sea pH and pCO, could be explained by a so far
unknown nitrogen source; e.g. “cold fixation” of atmospheric nitrogen (Schneider et al., 2009), or an
effective utilization of dissolved organic nutrients (Korth et al., 2011). In addition, phytoplankton are
to some extent able to migrate vertically to retrieve nutrients from below the photic zone. As noted
above (Section 2.2.6), the seasonal cycles of pCO, and pH may also be influenced by organic
alkalinity. The CO, system is in addition affected by excessive phytoplankton DIC uptake followed by
DOC exudation (cf. Baines and Pace, 1991), and also adaptable cell stoichiometry as compared to
constant Redfield ratios (e.g. Van Mooy et al., 2009).

Furthermore, there are compared to the rather stable modelled alkalinity large variations in
observed alkalinity (Figure 11). These variations probably occur mainly as a result of horizontal
advection of water masses of different origins (and different salinity). In the model, however, the
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Gotland basin is assumed horizontally homogeneous, and fluctuations are consequently much
smaller.

Due to the large alkalinity generation associated with both denitrification and sulphate reduction,
deep water pH and pCO, are comparatively stable during anoxic stagnation periods (Figure 12). DIC
concentrations are on the other hand steadily increasing during stagnation periods as a result of
continuous degradation of organic carbon.
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Figure 12. Comparison between observations (corrected alkalinity) at station BY15 (red circles) and model
results from the Gotland Sea (black lines). The four panels display pCO, (ppm), pH, DIC, alkalinity, and
oxygen (umol kg'l) in the deep water (200 m) during the 1995-2006 period.
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3.3. Budget calculations
In this section, average source and sink terms for DIC and alkalinity covering the entire Baltic Sea
over the 1980-2006 period are presented (Table 4).

Table 4. Average source and sink terms for DIC and alkalinity (Gmol yr'l) over the 1980-2006 period.

River load Net air-sea exchange Net advection Internal SMS Total SMS
DIC 820 150 -860 -130 -19
Alkalinity 680 - -840 140 -22

River runoff is the main source term for both DIC and alkalinity, and the main loss term for both
properties is net advection through the Kattegat-Skagerrak boundary. The internal source and sink
terms for DIC are basically mineralization and production. Burial and advection of autochthonous
organic carbon are indirect sink terms for DIC, whereas mineralization of allochthonous organic
carbon is a net source term. The internal sources minus sinks (SMS) for DIC are on average negative,
which indicates that burial and advection of autochthonous organic carbon exceeds mineralization of
allochthonous organic carbon. Not only on seasonal, but also on annual scale, the Baltic Sea alters
between being a source and a sink for atmospheric CO, according to the model results (Figure 13).
Most years, however, uptake of CO, during the productive season exceeds outgassing during winter.
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Figure 13. Annual air-sea CO, exchange (Gmol C yr'l). Positive values indicate net uptake.

There are several different processes that contribute to the internal source and sink terms for
alkalinity (cf. Section 2.2). On average, these internal processes together function as a source term
for alkalinity, which mainly is a consequence of the effective denitrification in the Baltic Sea. Total
sources minus sinks for both DIC and alkalinity are on average negative during the model period.
Decreasing trends for the total amounts of alkalinity and DIC in the entire Baltic Sea are thus evident
as well (Figure 14). This development is explained by decreasing trends in total river loads of DIC and
alkalinity during the model period (not shown).
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Figure 14. Total amounts of DIC and alkalinity (Tmol) in the Baltic Sea over the 1980-2006 period.

4. Conclusions

Large-scale and long-term modelled properties of the Baltic Sea CO, system are in good agreement
with observations, although data series of reasonable resolution and continuity are only available for
a few sub-basins (cf. Section 3.1). CO, partial pressure and pH vary largely on a seasonal basis (as
exemplified by model results from the Gotland Sea and measurements from BY15, Section 3.2), both
as a result of biogeochemical processes and variations mainly in temperature. The model is not yet
capable of fully capturing the seasonal cycles of pCO, and pH, and the discrepancies are likely to
occur partly due to shortcomings in parameterizations of some biological processes, and also due to
the fact that some processes are so far largely unknown.

Budget calculations covering the entire Baltic Sea (Section 3.3) indicate that river runoff is the main
source for both DIC and alkalinity, whereas advection out of the system is the main sink term for
both properties. On average, the Baltic Sea acts as a sink for atmospheric CO,, although there can be
large differences from year to year (and also between different sub-basins). Large areas of the Baltic
Sea deep water suffer from oxygen poor conditions, and one result of oxygen scarcity is an effective
denitrification in the system (cf. Savchuk, 2010). Denitrification is a net source for alkalinity and
dominates the internal source and sink terms in the Baltic Sea.
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Appendix A

Calculating pH and pCO-
A simplified expression for alkalinity, ignoring the small contributions from e.g. phosphate and
ammonia reads as follows (cf. Equation 2.3):

Ar = [HCO3]+ 2[C0O57]1 + [B(OH);]1 + [OH™] + [HS™] — [H*]
(A1)

This simplified expression will be used to show how pH and pCO, are calculated in the model. pH is

Y, and [H'] in the expressions above is

thus defined as the sum of free hydrogen ions and hydrogen sulphate:

calculated on the total hydrogen ion concentration scale (pH

[H¥] = [H"]r + [HSO;]
(A2)

In order to calculate pH and pCO, from alkalinity and DIC, the first step is to express all alkalinity
species as functions of [H’] (e.g. Dickson et al., 2007):

[HCO5] = C K1)
317 CTIH*)? + K [H] + KK,
(A3)
KK,
co31=c¢
€057 TIH]2 + Ky [H] + K. K,
(A4)
KBy
B(OH),| = —
[ ( )4] KB+ [H+]
(A5)
Ky
OH | =
O =
(A6)
[HS-] = KiasHy St
Kyos + [H*]
(A7)
The simplified expression for alkalinity then reads as follows:
A = K, ([H*] + 2K;)Cr + KpBr + Kw + KyasHa St ~[H*]
TO(HYP + K [H ]+ K1 Kp) - (Kg + [HY]) * [HY] ' (Kpgos + [H*])
(A8)
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The dissociation constants K;, K, Kz Ky, and Ky,s are known functions of temperature and salinity
(the pressure effect is ignored in BALTSEM). Dissociation constants are however only valid in certain
salinity ranges. Consequently, it is crucial to use constants defined at suitable salinities. Except for
the dissociation constant of hydrogen sulphide, the constants used in BALTSEM (Table A1) follow the
recommendations for Baltic Sea salinities by Ulfsbo et al. (2011).

Table Al. Dissociation constants used in BALTSEM.

Parameter Notation Reference

Dissociation constants of carbonic acid Ky, K, Millero et al. (2006)

CO, solubility constant Ko Weiss (1974)
Auto-dissociation constant of water Kw Millero (1995)

Fluoride equilibrium constant Ke Dickson and Riley (1979)
Borate equilibrium constant Ks Dickson (1990)
Dissociation constant of ammonia Kynz Yao and Millero (1995)
Dissociation constants of phosphoric acid Kip, Kop, Ks3p Yao and Millero (1995)
Dissociation constant of silicic acid Ksi Yao and Millero (1995)
Dissociation constant of hydrogen sulphide Kyos Loffler et al. (2011)

Parameterizations for total concentrations of borate and fluoride in relation to salinity (S) follow Riley
(1965) and Uppstrom (1974) respectively:

S
By = 0.000416 —

35
(A9)
Fp = 0.000007 —
35
(A10)

In this case, differences in ionic composition between Baltic Sea water and oceanic water are
neglected (and errors arising from this simplification are most likely very small compared to other
errors).

The total concentration of hydrogen sulphide is simply equal to the modelled “negative oxygen
concentration” converted to pmol kg™ and multiplied by -0.5:

(A11)

The next step is to solve Equation A8 for [H']. There is no analytical solution, and instead an iterative
method must be used (e.g. Newton-Raphson). With [H'] known, pH can be calculated according to its
definition:

pH = —10910([H+])
(A12)

Finally, pCO, is determined using [H'] and the temperature and salinity dependent solubility constant
Ko:
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P T T Ko (HYE + Ky [H'] + Ko Ky)

(A13)

Appendix B

Calculating calcite and aragonite saturation states
The calcium concentration (mol kg!) in the central Baltic Sea is calculated as

[Ca?*] = (0.331S + 0.392)/1000

(A14)
and in the Bothnian Bay as (cf. Tyrrell et al., 2008):
[Ca?*] = (0.375S + 0.368)/1000

(A15)

The carbonate concentration (mol kg™) is defined in Equation A4. Calcite and aragonite saturation
states are now calculated as

[Ca®*][C037]

Ksp

0=

(A16)

where K, is the solubility product for either calcite or aragonite (Mucci, 1983).
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