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Abstract. This paper presents the results of a comprehenthe open ocean (Chen and Borges, 2009; Takahashi et al.,
sive study of the Baltic Sea carbon budget. The Baltic Sea2009). It has recently been suggested that in contrast to open
is very much influenced by terrestrial carbon input. Riversshelf seas, some near-shore zones are identified as sources of
are the largest carbon source, and their input amounts t€0O; to the atmosphere (Chen and Borges, 2009; Liu et al.,
10.90 TgCyr! (Tg=10g) with a 37.5% contribution of  2010b; Laruelle et al., 2010). Consequently, detailed studies
organic carbon. On the other hand, carbon is effectivelyof the carbon cycle in shelf seas are still required in order to
exported from the Baltic to the North Sea (7.67 TgCYyr clarify its role in the global carbon cycle. Although several
and is also buried in bottom sediments (2.73TgClyrThe  attempts have been made to quantify the role of shelf seas
other sources and sinks of carbon are of minor importancein global CQ fluxes (Tsunogai et al., 1999; Andersson and
The net CQ emission (1.05 Tg C yrt) from the Baltictothe ~ Mackenzie, 2004; Thomas et al., 2004), validation of the out-
atmosphere was calculated as the closing term of the carbooome of these studies must be based on compilations of the
budget presented here. There is a net loss of organic carbonesults of local studies. These enable the multifarious locally
which indicates that the Baltic Sea is heterotrophic. specific processes, which influence £€xchange between
seawater and the atmosphere and these processes must be
taken into consideration (Borges, 2005; Borges et al., 2005;
Chen and Borges, 2009).

The Baltic Sea is a spatially and temporally highly di-
Shelf seas play a key role in the global fluxes of matter andverse ecosystem (Dippner et al., 2008; HELCOM, 2009).
energy between the land, ocean and atmosphere (Thomas &he ecosystem diversity is extended in the direction from
al., 2009) A|though they make up a little over 7 % of the South-West, influenced by the hlgh saline North Sea water
global sea surface and less than 0.5 % of the ocean voluméd)flows, to North-East — being under high influence of the
shelf seas are responsib|e for 15-30% of marine primary‘FEShwater inflow. This salinity gradient induces the bio-
production and as much as 80% of organic matter burialdiversity gradient with a minimum in the Gulf of Bothnia
(Walsh, 1991; Borges, 2005; Bozec et al., 2005; Chen andFig. 1). Such a diversity pattern is strengthened with the
Borges, 2009). These features of shelf seas are due to tHémperature and irradiation gradients that influence duration
high biological activity they support, which is driven by nu- ©f the vegetation period. Biological activity is much higher
trient inputs from all of the adjacent environments (Gattusoin the southern, warmer, part of the Baltic Sea. Additional
et al., 1998; Btsch and Kihn, 2008; Thomas, 2009). force here include significant amounts of nutrients entering

As a consequence of this high biological productivity, the Baltic with large continental rivers draining agriculturally
most global shelf seas are believed to act as net sinks for arffansformed catchment areas (Wasmund and Uhlig, 2003;
thropogenic C@ (e.g. Chen et al., 2003; Borges et al., 2005; Wasmund and Siegel, 2008; HELCOM, 2009). The biologi-
Chen and Borges, 2009; Laruelle et al., 2010). Moreover, the&al activity, including the ratio between photosynthesis and

CO, loads absorbed by shelf seas exceed those reported fropgspiration in particular, determines the level and dynam-
ics of CQ partial pressuref{C0O,) in seawater and hence

a strength and direction of GQexchange through the sea-
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nually to the Baltic Sea amounts to almost 2 % of the total
water volume of the sea (Lass and Maitls, 2008).

Although numerous studies on G@&xchange through the
seawater/atmosphere interface have been performed in the
Baltic Sea in comparison with other shelf seas, there is no
straightforward understanding of the part played by the en-
tire Baltic Sea in the C@air-sea exchange. There are dis-
crepancies between reported results, even though they relate
to the same area (Thomas and Schneider, 1999; Wesslander
etal., 2010). Similarly, the other carbon inputs and outputs to
and from the Baltic Sea, reported in the literature, are incom-
plete or require revision (Thomas et al., 2003 and 2010). The
-":éillraf - recent studies by Kuliski e.t al. (2011) and by Kuiski and
T figa \ " _ Pempkowiak (2011) redefine the results of carbon exchange
Baltic "\ / 560 between the Baltic and the North Sea, and quantify carbon

Y E attana ) N-al burial in the Baltic bottom sediments. Moreover, although

the Baltic Sea carbon cycle is significantly influenced by the

M ; o) input of terrestrial carbon, calculations of carbon supply from
' / ' cinod 2 S 5. land are still based on annual averages of water flow and car-
Botor P G e bon concentrations obtained as extrapolations of marine car-

~
Basin T

Basie |,

T Plopel

s A bon concentrations against salinity (Thomas et al., 2003 and
AT 2010).
patisen ] A T = 52° These aspects were the motivation for the present study.
S S P = The aim was to develop a state-of-the-art carbon budget
for the entire Baltic Sea that would provide a compre-
Fig. 1. Map of the Baltic Sea showing its division into natural basins hensive description of the boundary carbon fluxes. Based
and sub-basins (modified after Omstedt et al., 2009). on both experimental and literature data (Pempkowiak and
Kupryszewski, 1980; Granskog et al., 2005; Thomas et al.,
exchange results reported in the literature (Ohlson, 19902005, 2010; Algesten et al., 2006; Kuodki and Pemp-
Thomas and Schneider, 1999; Thomas et al., 2003; Algestekowiak, 2008; Dzierzbicka-Glowacka et al., 2010; Kowal-
et al., 2004 and 2006; Kuss et al., 2006; Wesslander et al¢zuk et al., 2010), major carbon fluxes were selected for
2010; Beldowski et al., 2010; Schneider et al., 2003). On thethe present investigation. They include carbon exchange
one hand, low productive and highly influenced by terrestrialbetween the Baltic and the North Sea, river input, organic
organic carbon water of the Gulf of Bothnia is believed to be carbon burial in bottom sediments, atmospheric deposition,
a CO source to the atmosphere (Algesten et al., 2004 angoint sources (all terrestrial carbon loads other than those en-
2006). On the other hand, highly productive, open waterstering the Baltic Sea from rivers), fisheries, and neb@®-
of the southern Baltic act as an effective sink of atmosphericchange between sea water and the atmosphere (Fig. 2). Since
CO; (Ohlson, 1990; Thomas and Schneider, 1999; Thomashe net CQ exchange is temporally and spatially highly vari-
etal., 2003; Kuss et al., 2006; Chen and Borges, 2009). Howable, and the results reported in the literature are ambiguous
ever, recent data (Wesslander et al., 2010) have identified thEThomas and Schneider, 1999; Algesten et al., 2006; Kuss
southern and central Baltic as a significant source o @O et al., 2006; Wesslander et al., 2010), it was calculated us-
the atmosphere as well. ing the mass balance approach. The mass balance is based
The results reported above are based onpti€, mea-  on the assumption that a steady state occurs, as a result of
surements made at stations located in the open waters of thehich all carbon sinks and sources in the Baltic Sea balance
Baltic Sea. The near-shore zones and areas adjacent to rivene another. The mass balance approach is a minimal re-
mouths are often not included in theCO, measurements. quirement to obtain a reliable, quantitative description of the
However, these regions of the Baltic Sea could be of speciatarbon cycle in highly diverse ecosystems (Liu et al., 2010a).
importance for the C®cycling, since it has been demon- A similar method for quantifying C&exchange between the
strated worldwide that the near-shore zones and river mouthBaltic Sea and the atmosphere was used a decade ago and
are important sources of GQo the atmosphere (Frankig- described by Thomas et al. (2010). Those authors identified
noulle et al., 1998; Borges, 2005; Chen and Borges, 2009the Baltic Sea as a sink for atmospheric £&nounting to
Liu et al., 2010a). This is due to the significant input of ter- 2.28 TgCyrL. Since then, however, revised carbon fluxes
restrial carbon. The rivers flowing into the Baltic Sea drain in the Baltic Sea have been reported (Kski et al., 2011,
an area that is more than four times larger than that of theKulifiski and Pempkowiak, 2011), and other corrected fluxes
sea itself. Moreover, the water volume the rivers supply an-are reported here.
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Fig. 2. Carbon sources and sinks in the Baltic Sea. Symbbis:
— export to the North Sed;j — import from the North Seak, —
atmospheric depositiol;CO, — net CQ exchange between sea-
water and the atmospherg;, — fisheries,Fp, — point sourcesFy —
river input, Fs — accumulation in sedimentsyy, — return flux from
sediments to the water column.

2 Materials and methods

2.1 Study area

The Baltic Sea is a landlocked shelf sea connected to th%

North Sea only via the shallow and narrow Danish Straits
(Fig. 1). Moreover, there are two sills at the entrance to th
Baltic, the Drogden Sill and the Darss Sill, with respective

maximum depths of 8 and 18 m. These features restrict the

exchange of water between the Baltic and the North Sea an
permit the inflow of only large, episodic volumes (in excess
of 100 kn?) of highly saline and well oxygenated North Sea
water. On the other hand there is a larger volume of river
runoff (428 kn¥ yr—1 on average). Almost 70 % of this runoff
enters the north-eastern Baltic, i.e. the Gulfs of Bothnia, Fin-
land and Riga (Fig. 1). This gives rise to horizontal and ver-
tical gradients of the sea’s physical, chemical and ecologica
properties. There is a permanent halocline at 60—80 m dept
separating the brackish surface water from the deep, mor
saline, water of the North Sea origin. This natural density
barrier hinders the ventilation of deep water, resulting in con-

ditions of permanent hypoxia or even anoxia at the sedimen

surface of the Baltic Sea deeps (Elken and Mait) 2008;
Lass and Matthus, 2008).

2.2 Quantification of carbon fluxes

In order to present the comprehensive carbon budget of th
Baltic Sea the significant carbon inputs/outputs to/from the

Baltic Sea were quantified based on the data available in lit-z, _ v . (DICg + DOGs)

e
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iments, atmospheric deposition, point sources (all terrestrial
carbon loads other than those entering the Baltic Sea with
rivers), fisheries, and net G@&xchange between sea water
and the atmosphere. Quantifications of some of them, being
difficult to assess and simultaneously essential for the bud-
get, are presented in separate papers and only conclusions
from those studies are reported here. For example carbon
exchange between the Baltic Sea and the North Sea and car-
bon burial in the bottom sediments were studied in details as
presented in papers by Kabki et al. (2011) and Kuhiski

and Pempkowiak (2011). The quantification of the other car-
bon fluxes including C®exchange through the Baltic sea-
water/atmosphere interface, calculated as a closing term of
the carbon budget, are described here entirely.

All the investigated carbon fluxes were quantified on an
annual timescale, irrespective of the temporal resolution used
for the assessment. This was essential to balance the car-
bon inputs and outputs and to construct the carbon budget.
The methodology used for the quantification of all the car-
bon fluxes that the presented Baltic carbon budget is com-
posed of, as well as the results and conclusions obtained
within this study are presented in the following sections of
the manuscript.

2.3 Carbon exchange between the Baltic Sea and the
North Sea

arbon exchange between the Baltic Sea and the North Sea
(Fe and F;) was calculated as the product of water volume
and carbon concentration (Egs. 1 and 2). Using the results
of experimental work performed at the Institute of Oceanol-
gy PAS (Kulhski, 2010) and literature data (Thomas and
chneider, 1999; Omstedt et al., 2004; Lass and Magh
2008; Prowe et al., 2009), it was found that temporal resolu-
tions of the variables should be finer than one week for con-
centrations of carbon species, and one day for water volumes
and directions. Hence, three latitudinal transects in the Dan-
ish Straits were selected, for which hydrological data were
isupplied from the DMI-BSHcmod three-dimensional (3-D)
Reean circulation model, which is the Danish Meteorologi-
gal Institute (DMI) operational model. The “end members”
method was used to separate the Baltic Sea and the North
Sea water masse¥d and Vy, respectively) in the bulk of
ater flowing across the transects. Simultaneously, the sea-
sonal variability in inorganic (DIC) and organic (DOC) car-
bon concentrations was assessed separately for the Baltic Sea
(DICg and DOG) and the North Sea (DIl¢ and DOGy)
water masses. The details of the methods used for quantify-
ing carbon exchange between the Baltic and the North Sea
and the results used in this study are described infiskliet

al. (2011).

1)

erature as well as on our own studies. The considered carbon

fluxes include: carbon exchange between the Baltic and the"; = V- (DICy +DOCy)

North Sea, river input, organic carbon burial in bottom sed-
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2.3.1 Organic carbon burial in the bottom sediments The literature data do not supply straightforward information
relating to the dry deposition of carbon to the Baltic Sea.
Organic carbon burialfp) in the bottom sediments of the However, the dry deposition of carbon from the atmosphere
Baltic Sea was calculated as the difference between the ofis significantly lower than that attributed to wet deposition
ganic carbon accumulated in the deep depositional areas qfjurado et al., 2008). It was assumed that marine aerosols
the Baltic Seafs) and the organic matter losses due to long- emitted from the Baltic Sea surface are redeposited in the
term mineralization in sediments’g) (Eq. 3). The for-  same amounts on the water surface. Hence, only the wet

mer was assessed from sediment accumulation r@Jestt  deposition of carbon to the Baltic Sea is considered in the
tained using thé'°Pb method and validated against#8#6Cs  present study (Eq. 8):

distribution (Joshi and Shukla, 1991; Pempkowiak, 1991)
and organic carbon concentrations in the sedimenggXC Fo=Fow=P-(Co+Ci+Cp) (8)
(Eg. 4). Carbon losses caused by the long-term mineraliza-
ti(_)n were calcula_lted from th_e dis_solved inorganic carbon an 5, G and G, are the respective concentrations of organic,
dissolved organic carbon diffusive fluxeBrc and Fpoc, . . . i
respectively) from the sediment surface to the water columnmorgamc anql black carbon n rain water. . -
(Eq. 5). The details of organic carbon burial quantification in The organic carbon load with wet.a_tmospherlc deposition
the .Balltic Sea sediments are presented infieki and Pemp- to the Baltic Sea was calculated by f|tt.|ng the yalues reported
kowiak (2011) by Algesten et al. (2006) to the entire Baltic Sea surface
' area. Ké&mierczyk-Michulec et al. (2001) noted that black
Fo=Fs— Fm 3) carbon concentrations were eight times lower than organic
Feew.C 4) carbon concentrations in the aerosol samples collected over
S o9 the Baltic. Since aerosols are a major source of organic car-
Fm= Fpic+ Fpoc (5) bon in rain water (Jurado et al., 2008), the same rate was used
to calculate the black carbon load to the Baltic Sea derived
from wet deposition.
The terrestrial carbon load to the Baltic Sea from riverg ( Rainwater saturated with atmospheric s identified
was calculated as the product of individual river discharges®S & source of inorganic carbon input to the Baltic Sea with
(Rg) and carbon concentrations in river water — both total Wet deposition. Henry's Law (Eq. 9) was used to calculate
inorganic carbon and total organic carbon (THhd TOG, the CQ concentration in rainwater (Ibanez et al., 2007):
respectively) — for the 63 largest Baltic Sea rivers (Eq. 6).C= Ku-p 9)
The relevant data (monthly means B§, TIC, and TOG)
were taken from the database created and provided by thehere C is a CQconcentration in rainwatek is a Henry's
Baltic-C — a BONUS funded project. This database containsconstant T = 10°C and 1013 hPa) ang is a CQ partial
the results obtained by national monitoring programmes carpressure in the atmosphere.
ried out by the Baltic Sea countries. Because of the lack of
up-to-date data, the mean annual carbon loads for 6 riverg.3.4 Point sources
— the Koskenkyla, Kuivajoki, Lestijoki, Paimionjoki, Per- ) ) ]
hojoki and Sirrpujoki — were assessed for the period 1995_The amount of carbon input _to the Baltic Sea from point
2000. In the case of the riverso@, Narva, Daugava and SOUTCeS p) was assessed using the HELCOM (2004) data.
Neva, water flows were taken from the paper by Kuusisto et>INCe it was expressed in terms of Bo(iological oxygen
al. (2008). Moreover, the TIC and TOC concentrations datad®mand), the conversion rate) (was applied according to
for the rivers Daugava and Neva were assumed to be simith€ HELCOM (1983) to calculate the carbon mass (Eg. 10).
lar to tho'se. found in gdjacent rivers wh'oge drainage basin%p: BOD,; k! (k=227 (10)
have a similar geological structure (Voipio, 1981). In the
case of the Daugava they were adapted from the River Ne2.3.5 Fisheries
man, whereas for the River Neva, the mean TIC and TOC
concentrations were the average of the concentrations medrish landings are assumed to be a carbon sink. Recent data
sured in the Narew and the Virajoki. on total fish landings in the Baltic Sedj{ were adapted
from the ICES report of 2008. In accordance with Crab-
FFZR“ (TG +TOC) ©) tree’s (1995) results, a mean organic carbon concentration in
2.3.3 Atmospheric deposition the fish biomass (§ amounting to 8.2 % of the wet weight
was used to recalculate fish landings as carbon mass removed
Atmospheric depositionHp) consists of two terms: dry de- from the Baltic Seaf;) (Eq. 11):
position (Foq) and wet depositionHgw) (EQ. 7).

Fo= Fod+ Fow (7)

here P is the mean precipitation over the Baltic Sea, and

2.3.2 Riverine input

Fr=F-Ct (11)

Biogeosciences, 8, 32138230 2011 www.biogeosciences.net/8/3219/2011/



K. Kulihski and J. Pempkowiak: The carbon budget of the Baltic Sea 3223

2.3.6 CQO exchange between the Baltic Sea and the The freshwater supply from all 63 rivers amounts to
atmosphere 345kmPyr—1, some 80% of the total river runoff to the
Baltic Sea (428kryr—1) (Lass and Matthus, 2008).
The net CQ exchange between the Baltic Sea and the at-Thus, assuming the results obtained to be representative for
mosphere KCO,) was calculated using the mass balancethe entire Baltic Sea, total loads of 6.81 Tg TIC yrand
approach on the assumption that an equilibrium exists be4.09 Tg TOCyr! were calculated (Table 2) — the highest
tween carbon sources and sinks (Eq. 12). Hence, when catarbon source (10.90 Tgy}) in the carbon budget of the
bon sources in the Baltic Sea are presented as positive vaBaltic Sea (Fig. 3).
ues and carbon sinks as negative ones, the sum of the carbonThe second largest source of carbon to the Baltic Sea is
fluxes should balance one another (Eq. 13). This enables thghe input from the North Sea (3.91 Tgyk, see Fig. 3 and
FCO; direction and strength between the Baltic Sea and theraple 2). Almost 95% of this amount is inorganic car-
atmosphere to be calculated (Eq. 14). bon. However, carbon exchange between the Baltic and the
. North Sea is dominated by an export to the North Sea of
anrbon sources anrbon sinks (12) —9.70 Tgyr ! of inorganic carbon and-1.88 Tgyr ! of or-
Fe+ Fi+ Fo+ FCOp+ Ft + Fy+ Fr+ F+ Fs=0 (13) ganic carbon (Fig. 3; Table 2). The Baltic Sea is thus a net
source of carbon{7.67 Tgyr 1) for the North Sea.
FCOy=Fe+ F+Fo+ Fi+ Fp+ Fr+ Fm+ Fs (14 The bottom sediments are yet another crucial carbon sink

] in the Baltic Sea (Fig. 3; Table 2), annually receiving
The uncertainty of th&CQ, (X) flux was calculated as  _3 87 Tq of organic carbon. This amount needs to be cor-

the square root of t_he sum of squared errors of _all_the Cartected by the return carbon flux (1.14 Tg¥y originating
bon sources and sinks;{ (Eq. 15). The uncertainties of oy the long-term mineralization and hydrolysis of the or-
the individual carbon fluxes take into account both the réP-ganic matter deposited in the sediments. The bulk of the car-
resentativeness of water flows and the seasonality of carbopg, returning to the water column (91 %) is dissolved inor-
concentrations. ganic carbon (DIC), indicating that the rate of mineralization
¥ (Z x?_) 0.5 (15) exceeds that of hydrolysis of organic carbon in the sediments.
- i The contributions of atmospheric deposition, point
sources and fisheries are less significant (0.57, 0.04 and
—0.06 Tg Cyrl, respectively; see Fig. 3 and Table 2).
3 Results The unbalanced amount of carbon, according to the def-
inition given in Sect. 2.2.7, is attributed to the net £€x-
All the results obtained in this study are presented accordchange between the seawater and the atmosphere. The re-
ing to the following scheme: positive values indicate carbonsults (Fig. 3; Table 2) show that the Baltic Sea acts as a small
sources, negative ones indicate carbon sinks. source of CQ to the atmosphere. On average, 1.05Tg of
The carbon loads to the Baltic Sea from the 63 rivers in-carbon are emitted annually to the atmosphere in the form
vestigated are listed in Table 1. These results exhibit a disopf COy, a result that is encumbered with an uncertainty of
tinct discrepancy in the carbon loads and water flows be-+1.71 Tgyr®. Although this uncertainty exceeds the value
tween the Scandinavian (Sweden, Finland) and continentayf FCO,, one should remember that it makes up as little as

rivers (Poland, Lithuania, Latvia, Estonia and Russia). Thes 3% of the total carbon sources and sinks summed as abso-
former have higher TOC than TIC loads, in contrast to the|yte values.

results obtained for the continental rivers. The TOC fluxes in

the Scandinavian rivers range from 0.5 Gg¥y(Gg =1 g) . _

to 102.4Ggyr?! (rivers Ljusnan and Torne, respectively), 4 Discussion

and TIC loads range from 0.1 Ggyrto 63.8 Ggyr? (rivers _ o o
Sirppujoki and @ta, respectively). In the case of the con- The. carbon budget. obtained in th!s work identifies the
tinental rivers the ranges are from 75.5Ggyr(Odra) to  Baltic Sea as a region very much influenced by the sur-
1209.5Ggyr! (Neva) and from 384.5Ggyt (Narwa) to roun_dlng drainage :i\rea: The total terrestrlal_carbon in-
1295.2 Ggyr! (Neva) for TOC and TIC loads, respectively. Put 1S 10'941T9CVT (Fig. 3; Table 2), of which only
Both TOC and TIC loads are higher in the continental rivers0:04 T9Cyr 1'5 attributable to point sources; the remaining
than in the Scandinavian. This results from the higher water-0-90 T9 Cyr = enter the Baltic Sea with rivers. This amount
flows in the continental rivers. The annual freshwater vol- 'S comparable to the results reported by Thomas et al. (2010),
ume input with the continental rivers to the Baltic Sea fluc- W0 estimated the riverine carbon load to be 10.27 TgCyr ,
tuates between 11.9 1&rand 77.6 krd for the Neman and  However, we see a significant difference when the organic
Neva, respectively. The same range for the ScandinaviagarPon contribution is considered in the total carbon load

rivers is between 0.1 kén(the Sirppujoki and the Virojoki) supplied from rivers: riverine TOC is 37.5% in our study
and 18.1 krf (the Gota). but only 20.5 % as reported by Thomas et al. (2010).

www.biogeosciences.net/8/3219/2011/ Biogeosciences, 8, 32382011
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Table 1. Water flows, TIC and TOC loads for the 63 largest rivers entering the Baltic Sea. Carbon fluxes are expressed in Ggyr
(Gg=1CFg).

River Country Latitude Longitude  Water flow TIC TOC
km3yr=1 [Ggyrl] [Ggyr]

1  Ahtava Finland 6%BIN 2249 E 0.5 1.2 6.9
2 Angermaidlven Sweden 628N 17°56 E 16.3 375 84.6
3 Atran Sweden 563N 12°28'E 1.8 7.0 19.3
4 Aura Finland 6026 N 2214 E 0.2 1.7 4.1
5  Botorpstom Sweden 5738 N  16°34E 0.2 1.1 2.6
6 Daugava Latvia 503N 24°01E 20.8 1068.9 210.7
7  Delangerén Sweden EUON 17°12E 0.4 1.0 2.6
8 Eman Sweden 507N 16°30E 1.1 4.3 16.8
9 Eura Finland 6413 N 21°36 E 0.2 0.9 2.7
10 Gide Sweden 6a9N 19°08 E 0.9 1.0 9.2
11 Gota Sweden 541 N 11°54 E 18.1 63.8 80.5
12 Helgén Sweden 551N 14°14E 15 7.3 27.0
13  lijoki Finland 6520 N 25°16 E 5.7 12.9 66.5
14  Indalsélven Sweden 680N 17°26 E 13.9 61.1 57.0
15 Kalajoki Finland 6317 N 254 E 1.1 2.6 26.9
16 Kalix Sweden 6%0N 23F11E 10.1 20.5 59.0
17  Kemijoki Finland 6846 N 24°27E 0.3 1.3 2.1
18  Kiiminki Finland 6512 N 25°17E 1.5 29 25.8
19  Kiskonjoki Finland 6008 N 23°01E 0.2 0.7 2.7
20 Kokemaenjoki  Finland 6B3IN 21°42 E 7.0 28.0 75.0
21 Koskenkyla Finland 6@8N 25°58 E 0.2 1.0 1.9
22 Kuivajoki Finland 65834 N 25°10E 0.5 1.3 7.5
23 Kymi Ahven Finland 6029 N 26°27E 5.8 21.9 46.2
24 Kymi Kokon Finland 6029 N  26°54 E 5.1 17.9 38.5
25 Lagan Sweden 882N 1256 E 2.8 4.8 37.9
26  Lapuanjoki Finland 6B4N 22°28E 0.9 1.7 19.1
27  Lestijoki Finland 6404 N 23°37E 0.3 0.5 6.2
28 Ljungan Sweden 612N 17°08 E 3.2 15.2 19.2
29  Ljungbyan Sweden 587N 16°14E 0.2 0.3 3.4
30 Ljusnan Sweden 612N 1707E 0.2 0.9 0.5
31 Lule Sweden 635 N 2202 E 16.1 31.6 44.4
32 Lyckebyn Sweden 568N 15°39E 0.2 0.4 3.8
33 Merikarvia Finland 6149 N 21°32 E 0.6 0.9 11.7
34 Moérrumsan Sweden 509N 14°44E 0.9 1.7 12.8
35 Motala Sweden 587N 16°15E 3.2 33.0 24.3
36  Mustijoki Finland 6020'N 25°34 E 0.2 1.3 3.6
37  Narpionjoki Finland 624N 21°17E 0.3 0.5 7.2
38 Narwa Estonia 528 N 2802 E 12.7 384.5 190.9
39 Nemen Lithuania 538N 21°15E 11.9 609.1 123.4
40 Neva Russia 5865 N 30°13'E 77.6 1295.2 1209.5
41 Nissan Sweden 889N 12°51E 1.6 3.0 24.5
42 Nykbpingsin Sweden 584N 170TE 0.6 55 6.4
43 Odra Poland 5310 N 14°317E 13.1 431.8 75.5
44 Ore Sweden 63BYN 144 E 1.1 1.2 13.7
45 Oulujoki Finland 65301 N 25°27 E 8.9 17.4 87.3
46 Paimionjoki Finland 624N 2238 E 0.2 2.4 2.3
47  Perhojoki Finland 63N 2308 E 0.6 0.6 10.1
48 Pite Sweden 621N 21°19E 5.5 8.9 22.4
49  Porvoonjoki Finland 62N 25°39E 0.4 3.6 5.5
50 Pyhajoki Finland 629 N 2412 E 1.0 2.3 20.0
51 FRane Sweden 6BIN 22°21E 1.4 2.1 11.7
52 Rickléan Sweden 64N 20°56 E 0.5 0.7 5.8
53 Ronnén Sweden 566 N 1250 E 0.4 5.4 4.1
54  Siikajoki Finland 6451 N 24°42 E 1.4 3.1 29.3
55  Simojoki Finland 6337 N 25°02 E 15 3.6 20.3
56  Sirppujoki Finland 6863 N 21°26' E 0.1 0.1 11
57 Skellefte Sweden 842N 21°09E 3.4 6.0 8.2
58 Torne Sweden 639 N 24°09 E 14.2 28.9 102.4
59 Ume Sweden 635N 20°19E 14.9 35.9 63.8
60 Uskela Finland 6@2N 2304 E 0.2 1.4 2.6
61 Vantaa Finland 603N 2459 E 0.6 4.7 8.9
62  Virojoki Finland 6034 N 2743 E 0.1 0.4 25
63 \Vistula Poland 51N 18°57E 28.5 1168.1 175.6

Total 344.9 5486.6 3297.9
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Table 2. Sources and sinks of inorganic (IC) and organic carbon (OC) expressed in T¢ Clyg = 102 g). Positive values indicate carbon
sources, negative ones indicate carbon sinks. Carbon loads are presented with their uncektpoglesléted as the square root of the sum

of squared errors of individual factors.

Carbon flux Sources

Sinks

Sum

IC+X oCtXx IC+X

OoC+tXx

IC+X

OoCtX

TotalX

6.81+ 0.98
3.7 0.06
1.040.29
0.06 0.02

4.09+0.77
0.214 0.02
0.104 0.03
0.5% +0.07
0.04 0.0¢

Rivers

Baltic Sea/North Sea
Sediments
Atmospheric deposition
Point sources

Fisheries

Net CO, exchange

—9.70+0.14

—-1.05+1.71

—1.88+0.22
—3.87£1.05

—0.06+ 0.0¢

6.81+ 0.98
—6.00+ 0.15
1.044+0.29
0.06+ 0.02

—-1.05+1.71

4.09+ 0.77
—1.674+0.22
—3.774+1.05

0.5% +0.07
0.04+ 0.0C

—0.06+ 0.0¢

10.90+ 1.25
—7.67+0.27
—2.73+1.12

0.57+ 0.07
0.04+ 0.0¢%

—0.06+ 0.00%
~1.05+1.71

Total 11.614+1.02 4.95+0.77 —-10.75+1.71

—5.81+1.07

0.86+ 2.00

—0.86+ 1.32

1 The sum of organic carbon (0.45 Tg Cy¥ and black carbon (0.06 Tg Cy#) loads.
2 The notation0.00 Tg Cyr 1 means uncertainty lower than 0.005 Tg C¥r

On the other hand the results obtained in the presen
study point unequivocally to two crucial carbon sinks in the
Baltic Sea: net export to the North Sea? 67 TgCyr1;
Kulihski et al., 2011) and burial in the bottom sediments
(2.73TgCyr?; Kulihski and Pempkowiak, 2011) (Fig. 3;
Table 2). The former amounts to 56 % and 77 %, respec;
tively, of the estimates reported by Thomas et al. (2003 anc
2010). When the individual carbon fluxes are analysed in de;
tail, the reasons for these discrepancies become clear. Carb
fluxes through the Danish Straits are highly dependent on thi
water flows. In both previous estimates (Thomas et al., 2003
and 2010), the water export from and import to the Baltic Sea
were higher than the flows established in our study (ki
and Pempkowiak, 2011). Moreover, in contrast to previous
papers (Thomas et al., 2003 and 2010), we considered the
seasonality of both water flows and carbon concentrationgsig. 3. Carbon budget of the Baltic Sea. Sources are marked in
(Kulihski and Pempkowiak, 2011). green (positive values), whereas sinks are marked in blue (negative

The other important carbon sink in the Baltic Sea is thevalues). SymbolsFe — export to the North Sed;; — import from

export of organic matter to the bottom sediments. Accordingthe North Seaf, — atmospheric depositio,CO, — net CQ ex-
to the results obtained by Kualski and Pempkowiak (2011), change between seawater and the atmospligre fisheries,Fp —
—2.73TgC yrl are buried in the deep depositional basins of point sourcesfr — rive_r input, Fs — accumulation in sediment&m
the Baltic Sea (Fig. 3; Table 2). This is comparable to the re—a:teuxmrg‘;z;c’;: ?e‘i'l,[”?r”ti tfotlge "Yater column. All carbon fluxes
sults of Thomas et al. (2010), who reported.64 Tg C yr L. P gyr (Tg 9)
However, since the data of Thomas et al. (2010) are based
on sediment accumulation rates and carbon concentrations in
the sediments, they do not take into account carbon loss du
ing the early diagenesis. Kakki and Pempkowiak (2011)

Atmosphere

F,=0.57

North Sea

FCO,=-1.05

F,=-0.06
F,= 3.1
F,=0.04

A

F,=10.90

=1.14

Land

Sediments

Although the other carbon sources and sinks are of mi-
for importance (Fig. 3; Table 2), their quantification may

d trated that al £309% of . t " be decisive for the quality of the whole carbon budget.
emonstrated that aimos o otorganic matter recently aCuy agsessed the carbon source from atmospheric deposi-

f# mulaited ml the Balt'g. bottlon;sedgnents IS relea,\s/led back t?ion as a product of precipitation and carbon concentration
€ water column as dissolved carbon Species. MOreover, I, iy water. We find this approach more accurate than

is suggested that mineralizgtion and hydrolysis of the organig, .. suggested by Thomas et al. (2010), where the precipi-
matter accumulated in sediments goes on for as long as 60t yseq for the calculations was reduced by evaporation.

after the deposition. Thus, the return carbon flux should beConsequentIy our result is higher (0.57 Tg C¥rthan the
definitely taken into account when the carbon budget is asy oy TgCyrlr,eported by Thomas et él (2010)

sessed.

www.biogeosciences.net/8/3219/2011/ Biogeosciences, 8, 32382011



3226 K. Kulihski and J. Pempkowiak: The carbon budget of the Baltic Sea

Table 3. Comparison of th&CO, results obtained with the literature data reported for the Baltic Sea. Positive vali€©Opfindicate CQ
sequestration in seawater, whereas negative ones indicate emission td @® atmosphere. The Baltic Sea basins presented in the table
are shown on Fig. 1.

Region FCO, Reference
[gCm2yr~1]
Baltic Sea —2.7 Present study
Baltic Proper + Gulf of Finland + Gulf of Riga 9.0 Present study based on the results
of Algesten et al. (2006)
Baltic Sea 2.3 Thomas et al. (2010)
Baltic Proper + Gulf of Finland + Gulf of Riga 13.2  Ohlson (1990)
Baltic Proper + Gulf of Finland + Gulf of Riga 10.8 Thomas and Schneider (1999)
Arkona Basin 36.0 Kuss et al. (2006)
East Gotland Basin —19.7 Wesslander et al. (2010)
Bornholm Basin —28.1 Wesslander et al. (2010)
Gulf of Bothnia —37.2 Algesten et al. (2004)
Gulf of Bothnia —35.4 Algesten et al. (2006)

Apart from the sources and sinks of total carbon, our car-CO, sink. When the most receCO;, data for the entire
bon budget provides a detailed description of the organic andulf of Bothnia (-3.61 TgCyr?!) (Algesten et al., 2006)
inorganic carbon fluxes. These data are significant since thes used in this calculation, the me&TCO, in the remain-
trophic status of marine areas can be assessed using the dng part of the Baltic Sea area amounts to 2.56 TgCyr
ganic carbon balance. Autotrophic areas are net producersr 9.0g Cnt2yr—1. This result is close to that reported by
of organic carbon, whereas heterotrophic areas are net cor-homas and Schneider (1999) but more than 30 % lower than
sumers (Gattuso, 1998; Thomas et al., 2005). Thus, on théhe one reported by Ohlson (1990) (Table 3). Moreover, it
basis of the organic and inorganic carbon balance (Table 2)is contrary to the findings of Wesslander et al. (2010), who
the Baltic Sea can be characterized as a heterotrophic marineport respective emissions of @@ the atmosphere from
system. However, it needs to be borne in mind that this isboth the East Gotland Basin and the Bornholm Basin (Fig. 1)
the net state of the entire sea. Generally, in stratified systemef —19.7 and—28.1g C nT2yr—1 (Table 3).
like the Baltic Sea, autotrophic processes dominate in the up- It is unlikely that this carbon budget for the Baltic Sea will
per, euphotic zone, whereas heterotrophic ones are dominanbt evolve in the next few decades. Several studies report the
in the subsurface layer (Thomas et al., 2005; Bozec et al.changes that may occur within the Baltic Sea region, most
2005). of them are induced by global climate changes (e.g. Graham,

The results obtained in the present study identify the en-2004; Meier, 2006; Graham et al., 2007, 2008). The ex-
tire Baltic Sea as a source of G@ the atmosphere. When pected total runoff change to 2100 ranges freito 15 %
the calculatedFCO, (—1.05TgCyr?) is divided by the of the present flow according to the different climate scenar-
Baltic surface area of.85x 10° km? (excluding the Katte- ios (Graham, 2004; Graham et al., 2008). Studies performed
gat), we obtain mean GOemission of—2.7gCnt2yr1 on Swedish rivers (Smith et al., 2008) indicate that 71-97 %
(—9.9gCG m~2yr-1). This finding is significant, since no of the carbon load is explained by the water volume. Thus,
report presented so far have yielded an average result fait is very likely that the change in river runoff to the Baltic
the entire Baltic Sea (Table 3; Ohlson; 1990; Thomas andSea will result in a change of terrestrial carbon input. Since
Schneider, 1999; Algesten et al., 2004 and 2006; Kuss et althe carbon entering the Baltic Sea from rivers is the largest
2006; Wesslander et al., 2010; Thomas et al., 2010). Thesource of carbon to the Baltic Sea, such changes may signif-
biggest discrepancy concerns the status of the Baltic Propeigantly contribute to the functioning of the entire Baltic Sea
where the meaRCO, ranges from 36.0gCnfyr—1 (Kuss  carbon system. However, the greatest unknown factor still
etal., 2006) to-28.1 g C nT2yr—1 (Wesslander et al., 2010), remains the future input of nutrients to the Baltic Sea, which
values respectively identifying these areas as a sink for atmois the basic force driving the biological pump.
spheric CQ and a source of C&to the atmosphere. More Simultaneously, as a consequence of the river runoff in-
coherent data are reported for the Gulf of Bothnia, definingcrease, outflows of the Baltic Sea water to the North Sea will
this region as an evident G&ource (Table 3; Algesten et increase and inflows of highly saline North Sea water will de-
al., 2004 and 2006). Based on these reports and taking intorease (Cyberski and \@blewski, 2000). Thus, some part of
consideration the results of this study, the Baltic Proper to-the additional terrestrial carbon load will be compensated by
gether with the gulfs of Finland and Riga (Fig. 1) act as athe increased carbon export to the North Sea and the reduced
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Table 4. Comparison of thé&-CO, results calculated for the Baltic Sea with the literature data for other shelf seas. Positive values of the
FCO, indicate CQ sequestration in seawater, whereas negative ones indicate emission tif @ atmosphere.

Region FCOy[gC m~2 yr~1]  Reference

Arabian Sea —10.8 Goyetetal. (1998)

Baltic Sea —2.7 Present study

Baltic Proper + Gulf of Finland 9.0 Present study based on the results by
+ Gulf of Riga Algesten et al. (2006)

Barents Sea

Barents Sea

Bering Sea

Bering Sea

Chukchi Sea

Chukchi Sea

North Sea

North Sea

North Sea (southern part)
North Sea (northern part)
Sea of Japan

Sea of Okhotsk

South China Sea

South China Sea

Yellow Sea

6.6 Fransson et al. (2001)
43.2 Borges et al. (2005)
51.6 Walsh and Dieterle (1994)
—56.4 Fransson et al. (2006)
57.6 Bates (2006)
37.2 Kaltin and Anderson (2005)
18.0-26.4 Bozec et al. (2005)
16.5 Thomas et al. (2005)
—9.4 Prowe et al. (2009)
24.7 Prowe et al. (2009)
45.6 Caietal. (2006)
10.0 Wakita et al. (2003)
—15.6 Zhai et al. (2005)
12.0 Chenetal. (2003)
24.0 Chen and Borges (2009)

carbon import from the North Sea. There is still much de- rine environment and the atmosphere, and $t€t, results
bate on the consequences of the predicted lower frequencgre burdened with a relatively high uncertainty. Although
of the North Sea water inflows (Gerlach, 1994; Meier, 2006;this method can be used conveniently in large scale assess-
Graham et al., 2008). On one hand a salinity decrease in thements, since it describes an average state of the environment.
whole water column together with the simultaneous mainte-Thus, applying more than one method might be essential for
nance of vertical stratification is expected (Meier, 2006; Gra-the comprehensive studies of the £@ansfer through the
ham et al., 2008). On the other hand it is suggested that theeawater/atmosphere interface, especially in highly diverse
halocline will drop to a lower depth (Gerlach, 1994; Graham ecosystems. The carbon budget calculated for the North Sea
et al., 2008). This may change the near-bottom redox condi{Thomas et al., 2005) shows that calculated carbon inputs
tions in parts of the depositional areas, with the consequenand outputs are well balanced, so that it is possible to calcu-
liberation of buried carbon resulting from the increased min-late one missing carbon flux when all the others have been
eralization. calculated correctly, especially in enclosed or semi-enclosed
Comparison of the results obtained in this study with the shelf seas where the hydrological conditions are easier to de-
findings reported for other shelf seas identifies the Baltic Sedine. Moreover, the carbon budget provides a qualitative and
as a basin with a close to neutral balance of,@®change quantitative assessment of boundary conditions, which be-
between seawater and the atmosphere (Table 4). Worldwideome crucial for understanding the carbon cycle in enclosed
investigations show th&CO, may be highly diverse intime ecosystems such as the Baltic Sea.
and space within the same shelf sea. Some parts of the basin
may act as efficient sinks for atmospheric £ @hilst others
are simultaneously a source of g@ the atmosphere. This 5 Conclusions
feature justifies the use of the mass balance method for de-
terminingFCO; for entire seas or at least for the verification The carbon budget of the Baltic Sea is highly influenced by
of assessments based on lop@lO, and/or DIC and alka- the terrestrial carbon input. The largest carbon source to the
linity measurements. Even though tREO, quantifications  Baltic is riverine discharge (10.90 Tg Cy). High contribu-
based on thCO, measurements are very sensitive to thetion in this carbon load constitutes organic fraction amount-
transfer velocity parameterization, they usually are the mosing to 37.5 % of the total discharge. Considerable terrestrial
accurate. However this approach requires high spatial an@rganic carbon load together with organic carbon originating
temporal resolutions of the field measurements. On the othefrom primary production cause the Baltic Sea a basin of at
hand the mass balance approach is not a direct method déast 3-5 times higher organic carbon concentrations in sea-
gquantitatively assessing the @@®xchange between the ma- water than these reported for the North Sea or for the North
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Atlantic Ocean. This feature, strengthened with net water ex-Cai, W.-J., Dai, M. H., and Wang, Y. C.: Air-sea exchange of carbon

port to the North Sea, results in much higher organic carbon dioxide in ocean margins: a province-based synthesis, Geophys.

export from the Baltic to the North Sea_188 Tg Cyrl) Res. Lett., 33, L1260310i210.1029/2006G-L.0-26212006.. .

than its import in the opposite direction (0.21TgC¥. ~ Chen, C.-T. A. and Borges, A. V.. Reconciling opposing views

The net export of carbon is noticed for the inorganic species on carbon cycling in the coastal ocean: Continental shelv_es as

aswell (-6.00TgC yrl). In consequence the Baltic Sea be- sinks and near-shore ecosystems as sources of atmosphetic CO
- Deep-Sea Res. Pt. Il, 56, 578-590, 2009.

.Comes a significant Clarbon s_ource for the North Sea amoumc_:hen, C.-T. A,, Liu, K.-K., and Macdonald, R.: Continental Margin

Ing to —7..67'TgCyr : _Sed'ments are the second largest Exchanges, in: Ocean Biogeochemistry, edited by: Fasham, M.

carbon sink in the Baltic Sea, where annuali.73TgC J. R., Springer-Verlag, Berlin, 53-97, 2003.

is buried. The other carbon fluxes quantified in this studycyberski, J., Weblewski, A., and Stewart, J.: Riverine water in-

are: atmospheric deposition, point sources and fisheries at flows and the Baltic Sea water volume 19011990, Hydrol. Earth

0.57, 0.04 and-0.06 TgCyrl, respectively. The net CO Syst. Sci., 4, 1-11doi:10.5194/hess-4-1-200R000.

exchange through the seawater/atmosphere interface con®ippner, J. W., Vuorinen, I, Daunys, D., Flinkman, J., Halkka, A.,

puted as a closing term of the carbon budget point is emission Koster, F. W., Lehikoinen, E., MacKenzie, B. R.pMnann, C.,

to the atmosphere at1.05 TgCyrlor —2.7gCnr2yr1, Mohlenberg, F., Olenin, S., Schiedek, D., Skov, H., and Was-

This result loaded with the uncertainty .71 Tg Cyr—l or mund, N.: Climate-related Marine Ecosystem Change, in: As-

2, —1: i . sessment of Climate Change for the Baltic Sea Basin, edited
gé’:g Cnreyr™ identifies the Baltic as a weak source of by: The BACC Author Team, Springer-Verlag, Berlin, 309-377,
) 2008.
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