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Abstract. Estimating air—sea CO, exchange in coastal and semi-enclosed seas is challenging due to limited spatial and tem-
poral observational coverage. Atmospheric inverse modelling offers a complementary approach, although its ability to resolve
regional marine carbon fluxes is still uncertain. In the Baltic Sea, intensive shipping further complicates the regional carbon
budget through substantial anthropogenic CO, emissions. This study presents one of the first assessments combining air—sea
CO; exchange and ship-derived CO, emissions in the Baltic Sea using both observation-based and atmospheric inversion
approaches.

Air-sea CO; fluxes for 2019 to 2021 were estimated using two independent methods. The first method combined a bulk
flux calculation, which includes sea—air pCOs differences, wind-speed-dependent gas transfer velocity, solubility, and sea-ice
cover, with shipping emissions simulated by the Ship Traffic Emission Assessment Model (STEAM). The second method used
atmospheric CO5 observations together with atmospheric transport modelling in the CIF-FLEXPART inversion framework to
estimate surface CO5 fluxes, providing an alternative observation-based approach. The results were analyzed for the entire
Baltic Sea and for 13 HELCOM sub-basins.

The STEAM-corrected bulk method indicated that the Baltic Sea acted as a net CO9 sink during 2019 to 2021, with a
mean flux of -1.79 mmol m~2 d~!. Without shipping emissions, the estimated flux was -3.76 mmolm~2d ™!, showing that
ship traffic increased the net flux by approximately 1.97 mmol m~2 d~*. In contrast, the CIF-FLEXPART inversion estimated
a net source of 3.92 mmolm~2d~! for the Baltic Sea. The climatological bulk-flux estimate for 2003 to 2021, excluding
shipping emissions, gave a near-neutral mean flux of 0.25 mmol m~2 d~!. The basin-scale monthly fluxes showed moderate
overall agreement between the two methods (mean Pearson correlation r = 0.49), with stronger correlations (r = 0.62-0.79)
in several southern basins where observational coverage was greatest.

The contrasting estimates of the Baltic Sea carbon balance show that considerable uncertainties remain in both bulk method
and inversion method approaches and that shipping emissions need to be taken into account. More continuous and reliable
observations, improved representation of coastal carbon processes, and further development of atmospheric inversion systems

are needed to better constrain regional marine carbon budgets.
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1 Introduction

Oceanic carbon storage is approximately 60 times larger than atmospheric carbon storage (Sarmiento and Gruber, 2006),
underscoring the critical function of the oceans in the global carbon cycle. Therefore, a comprehensive understanding of air—
sea carbon dynamics is necessary to accurately quantify the global carbon budget and to assess strategies for achieving the
objectives of the Paris Climate Agreement. Since the onset of industrialization, carbon dioxide (CO) has emerged as the
predominant anthropogenic greenhouse gas.

The air—sea CO, flux is primarily determined by the difference in the partial pressure of carbon dioxide between the atmo-
sphere and the sea surface (ApCO-), while gas transfer velocity and solubility also influence the flux. Partial pressure is linked
to concentration through solubility, which depends on salinity and temperature. Because atmospheric pCO- exhibits relatively
minor variability (Rutgersson et al., 2009) compared to seawater pCOs in coastal regions, the partial pressure of carbon dioxide
in seawater (pCO3°?) is the principal factor controlling ApCOs variability. The direction of the air—sea CO4 flux depends on
the sign of the partial pressure difference: when pCO3¢® exceeds pCO%!™, the sea acts as a source of CO» to the atmosphere;
conversely, when pCO3%® is lower than pCO%!™, the ocean acts as a sink.

The pCO5°* demonstrates pronounced seasonal (Miiller and Schneider, 2018; Rutgersson et al., 2008; Schneider et al.,
2006) and interannual variability (Schneider et al., 2014; Honkanen et al., 2024), typically ranging from approximately 100 to
500 patm under pelagic conditions in the Eastern Gotland Basin. As a result, air-sea CO fluxes are generally negative (sink)
during spring and summer, and positive (source) during autumn and winter. Increased solar radiation in spring intensifies
photosynthesis in the surface layer, which reduces seawater CO2 concentration and enhances atmospheric CO5 uptake. The
first annual minimum in CO, concentration usually occurs in May, depending on location (Miiller and Schneider, 2018).
A second minimum often occurs in early July, when nitrogen fixation stimulates phytoplankton growth and further depletes
inorganic carbon. In autumn, declining solar radiation weakens thermal stratification and promotes vertical mixing, transporting
carbon-rich waters from deeper layers to the surface. These well-mixed conditions typically persist from late autumn until the
onset of the subsequent spring bloom (Leppéranta and Myrberg, 2009).

The Baltic Sea, situated in Northern Europe, is relatively small on a global scale, yet it serves as a significant case study
for the carbon cycle in brackish seas worldwide. Its extensive catchment area (1.7 million km?), numerous freshwater river
inflows, connection to the Atlantic Ocean, and complex ecosystem distinguish it as a unique region for such investigations.
Additionally, the Baltic Sea region is marked by dense human populations, widespread agriculture and forestry, valuable marine
resources, and intensive shipping activity, all of which are integral to regional economies. These features make the Baltic Sea
an important system for examining regional carbon cycling and assessing the impact of ship emissions.

Air-sea COs fluxes, both net and local, in the Baltic Sea have been investigated using various methods. Studies by Kulifiski
and Pempkowiak (2011); Gustafsson et al. (2014); Norman et al. (2013) used reanalyses and numerical simulations, while

Parard et al. (2017) used remote sensing techniques. In addition, Lansg et al. (2015) compiled and compared results from
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several studies, including their own analyses. Reported net air-sea flux estimates range from -1.2 to 0.6 mmolm—2d~!.
Gutiérrez-Loza et al. (2021) provided several estimates of net flux values for 2009-2011, with results between -0.53 and 0.0
mmol m~2 d~!. Furthermore, Jalkanen et al. (2009) estimated CO, emissions from Baltic Sea shipping at 19 Mt in 2007 using
the STEAM model. When distributed over the Baltic Sea area (422,000 km?), this correlates to an average flux of approximately
2.8 mmol m~2 d~!. The biogenic estimates of net air-sea CO-, fluxes span negative to positive values, indicating that the Baltic
Sea’s role as a net sink or source of CO- remains uncertain and is likely subject to interannual variability.

In bulk flux calculations, the STEAM model (Jalkanen et al., 2009) was employed to estimate the influence of ship emissions
on the marine carbon balance. This approach uses automatic identification system position reports, incorporates vessel technical
specifications, and accounts for environmental conditions. The explicit inclusion of ship emissions in Baltic Sea CO5 flux
studies has not been previously addressed.

Previous studies have provided valuable information on the carbon cycle of the Baltic Sea. However, most previous es-
timates have been based on oceanographic observations, numerical simulations, or remote sensing products. Atmospheric
inverse models have also been applied to estimate oceanic CO5 fluxes, but their spatial resolution has generally been insuf-
ficient for regional studies of the Baltic Sea (Chandra et al., 2022; Friedlingstein et al., 2026). Atmospheric inverse models
infer surface CO5 fluxes from atmospheric concentration measurements and atmospheric transport modelling. First, an initial
estimate of spatially distributed greenhouse gas fluxes (prior fluxes) is provided to a three-dimensional atmospheric transport
model that simulates how greenhouse gases are transported through the atmosphere. The resulting modelled concentrations are
then compared to measurements. When a mismatch between the modelled and measured atmospheric greenhouse gas concen-
trations is found, the inverse model adjusts the prior fluxes using Bayesian statistics. The optimised fluxes (posterior fluxes)
include information of all the sources and sinks in the region.

This study investigates air—sea CO5 flux and ship emissions in the Baltic Sea during 2019-2021 using two independent
approaches: wind speed-based parameterization (bulk) combined with the ship traffic emission assessment model (hereafter
referred to as the STEAM-corrected bulk method) and the CIF-FLEXPART inverse model. Additionally, we perform CO- flux
calculations based on climatological data from 2003 to 2021 using the bulk method. The study further aims to compare the flux

estimates obtained from these methods and assess their spatial and temporal consistency.
2 Materials and Methods

2.1 Calculation of air—-sea CO- flux

In addition to the partial pressure gradient between the air and sea, the gas transfer velocity k& [cm h~!] and the solubility K
[mol L~! atm~1'] are critical factors influencing the air—sea CO5 flux. The regional fraction of sea ice cover, f, is incorporated
to represent the reduction in air—sea CO> exchange during winter. Consistent with prevailing assumptions in the literature,

air—sea CO- exchange over ice-covered areas is considered negligible. The bulk flux equation utilized in this study is:
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Numerous parameterizations have been proposed for the gas transfer velocity, &k, most of them based on wind speed (Wan-
ninkhof, 1992; Wanninkhof and McGillis, 1999; Weiss et al., 2007). In the Baltic Sea, wind speed remains the dominant
predictor of k, although recent research indicates that the relationship between k and wind speed is modulated by local sea-
state conditions. Specifically, limited fetch and increased surfactant concentrations can decrease k£ compared to open-ocean
parameterizations, particularly in coastal regions (Dong et al., 2026; Dobashi et al., 2026). The influence of various physical
processes on gas transfer velocity has also been examined by Gutiérrez-Loza et al. (2021) and Bock et al. (1999). This study
employs the widely used parameterization introduced by Wanninkhof (1992) and updated by Wanninkhof (2014), as it has

been extensively applied in Baltic Sea research and provides a robust basis for comparison with previous estimates:

660 /2
_ 2
elerer) @
where
keso = 0.251u3, 3)

The Schmidt number (Sc) quantifies the capacity of a gas molecule to cross the laminar boundary layer, with its value de-
pendent on temperature (1') and salinity (s). The variable u;g represents wind speed measured at a height of 10 meters. The
parameterization of the Schmidt number is detailed in Wanninkhof (2014).

The solubility coefficient Ky, which depends on temperature and salinity, was first introduced by Weiss (1970) and subse-
quently revised by Weiss (1974). The parameterization of K incorporates several empirical coefficients specifically defined
for COs.

The atmospheric partial pressure of COy (pCO%!™) is parameterized using the approach of Rutgersson et al. (2009), which
is based on the atmospheric carbon dioxide mole fraction and adjusted to reflect conditions at 100% relative humidity, as
described by Dickson et al. (2007). This parameterization incorporates the long-term global trend, anthropogenic influences,
and the natural seasonal cycle of carbon dioxide, and is directly applicable to the Baltic Sea. The anthropogenic component
represents the estimated contribution of human activities to atmospheric COs, calculated as the deviation from the global
atmospheric trend as a function of latitude. As a result, local increases in atmospheric COy concentrations, such as those
arising from major shipping routes or harbors, are not explicitly included. These local enhancements in atmospheric pCO2
would alter the air-sea partial pressure gradient and, therefore, the estimated air-sea CO2 flux. The calculation of pCO5!™

requires, in addition to latitude, variables such as time (in years), day of year, and surface air pressure over the sea.
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Figure 1. Map of the Baltic Sea and the sub-basins used in the calculations. Red dots indicate the CO2 observation sites used in the
inverse model. Seventeen observation sites are visible within the map extent. The observation sites shown are BIK (Biatystok, Poland),
GAT (Gartow, Germany), HEI (Heidelberg, Germany), HTM (Hyltemossa, Sweden), KAS (Kasprowy Wierch, Poland), KIT (Karlsruhe,
Germany), KRE (Kosetice, Czech Republic), LIN (Lindenberg, Germany), NOR (Norunda, Sweden), OXK (Ochsenkopf, Germany), PAL
(Pallas, Finland), PUI (Puijo, Kuopio, Finland), SMR (Hyytiild, Juupajoki, Finland), STE (Steinkimmen, Germany), SVB (Svartberget,
Sweden), TOH (Torfhaus/Harz, Germany), and UTO (Ut6, Finland).

2.2 Datasets used to calculate the air-sea CO- flux

STEAM-corrected bulk method air-sea CO4 flux estimates were obtained from multiple observational and reanalysis datasets.
Figure 2 provides a schematic overview of the calculation procedure and the data sources utilized at each stage. The final
spatial resolution is 0.1° within the domain 52° to 66°N and 9° to 31°E. The temporal resolution of the data is one month. Due
to differing spatial resolutions among the source data matrices, spatial averaging was performed to harmonize the datasets into

a consistent format. All datasets were aggregated to a common 0.1° grid using bin averaging.
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Figure 2. Schematic overview of the data sources and the calculation process for the CO» bulk flux. SST indicates sea surface temperature,
and Sc-number represents the Schmidt number. The sources for each variable are listed in the bottom right corner. Following the calculation

of the bulk air-sea CO2 flux, the STEAM flux is incorporated.

Two reanalysis datasets were utilized for the CO4 flux calculations: the E.U. Copernicus Marine Service Information; Baltic
Sea Physics Reanalysis (Danish Meteorological Institute (DMI), 2023) for salinity and sea surface temperature, and the Coper-
nicus European Regional Reanalysis (CERRA) (Schimanke et al., 2021) for wind data. The Baltic Sea Physics Reanalysis is
derived from the NEMO (Nucleus for European Modelling of the Ocean) ice-ocean model system and integrates satellite obser-
vations with in situ measurements. The CERRA reanalysis is refined from the global ERAS reanalysis to provide higher spatial
resolution over Europe, employing the HARMONIE-ALADIN limited-area numerical weather prediction and data assimilation
system.

Bittig et al. (2023) developed a measurement-based and model-assisted regional pCO5 climatology, which is publicly avail-
able. For the present study, a more detailed dataset was provided, including monthly values for 2019 to 2021. The pCO2
calculations used observations from the Surface Ocean CO5 Atlas (SOCAT) database, which compiles measurements from

voluntary observing ships, such as the Integrated Carbon Observation System Ships of Opportunity (ICOS SOOP), and re-
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search vessels. The majority of the pCO5 data were collected aboard the M/S Finnmaid, which operates between Travemiinde,
Germany and Helsinki, Finland. Bittig et al. (2023, 2024) performed modelling using empirical orthogonal functions (EOF)
and the Ecological ReGional Ocean Model (ERGOM). Monthly pCO» maps were reconstructed by combining model output
with observations.

The pCO, dataset included standard deviations, which were used to estimate the uncertainties of the calculated fluxes. In
addition, a 20% uncertainty was incorporated into the gas transfer velocity parameterization, following the recommendation of
Wanninkhof (2014). The uncertainty range was determined by recalculating the fluxes using pCO35¢* values adjusted by one
standard deviation and by applying a 20% uncertainty to the gas transfer velocity parameterization.

Two gaps in the pCO4 dataset were filled to calculate annual fluxes. The January 2019 values differed considerably from
the typical January pCOs values, likely because of the small number of measurements. As interpolation from adjacent months
was not possible at the beginning of the study period, the January 2019 values were replaced with the mean of January 2020
and 2021. The December 2020 data were completely missing and were replaced with the mean of November 2020 and January

2021.
2.3 STEAM

The Ship Traffic Emission Assessment Model (STEAM) utilizes Automatic Identification System (AIS) position reports to
characterize global shipping activity. It integrates vessel movement data with technical specifications of the global fleet to
predict performance, fuel consumption, air emissions, discharges, and underwater noise emissions, while accounting for am-
bient factors such as wind, waves, sea currents, and sea ice cover (Jalkanen et al., 2009, 2012; Johansson et al., 2013, 2017,
Majamiki et al., 2025). STEAM applies water resistance calculations for performance prediction and supports detailed vessel-
level modeling, which informs annual reporting of environmental pressures from shipping in the Baltic Sea region. In this
study, STEAM v4.3.5 was employed to estimate CO5 emissions using AIS data obtained from the Baltic Marine Protection
Committee (HELCOM) data archive.

2.4 CIF-FLEXPART

The CIF-FLEXPART model (Mengistu et al., 2026), which is based on the Lagrangian atmospheric transport model FLEX-
PART v10.4 (Pisso et al., 2019) (Fig 3), was employed in this study. FLEXPART was operated in backward mode to generate
hourly source-receptor relationships on a 0.2° latitude by 0.2° longitude grid over Europe (11°W to 34°E and 34°N to 72°N)
and on a 2° by 2° global grid, using 10-day trajectories for each observation. Background conditions were estimated by cou-
pling trajectory endpoints to three-dimensional mole fraction fields, which were obtained from the CAMS global inversion-
optimized greenhouse gas fluxes and concentrations product, v22r2 for 2018-2022 and v23r1 for 2023. FLEXPART was driven
by hourly ECMWF ERAS reanalysis data at a 1° by 1° resolution and 137 vertical levels (Hittmeir et al., 2018).

CO,; prior surface fluxes are optimised using the Community Inversion Framework (CIF), an open-source system de-
signed to interface with multiple optimization schemes and atmospheric transport models (Berchet et al., 2021). The CIF

four-dimensional variational (4DVAR) optimisation scheme is applied to minimise the Bayesian cost function.
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Figure 3. Schematic illustration of the CIF-FLEXPART inversion framework. Prior surface CO; fluxes are combined with atmospheric CO»
observations through the FLEXPART atmospheric transport model and the CIF data assimilation system to optimize the prior fluxes and

produce posterior surface CO- fluxes.

165 J(a) = 5o —m0) B~ — ) + 5 (0~ H) TR (o — H(w)) @

Here, x denotes the control vector of surface fluxes, x;, is the prior estimate with the associated error covariance matrix B,
Yo represents the observed CO, mole fractions, and R denotes the observation error covariance matrix.
Efficient minimisation of the cost function requires computation of its gradient with respect to the control vector. This

gradient is obtained using the adjoint of the transport operator H™ derived from FLEXPART:

170 VJ(x) = B~z —2p) — HYR}(yo — H()), ©)

which propagates mismatches between observed and modelled mole fractions back into the flux space.
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CO, fluxes are categorized into four sectors, with three sectors optimized separately yet concurrently. The sectors and their
associated uncertainties are as follows: oceans (100% uncertainty), anthropogenic (80%), and land net ecosystem exchange
(NEE) (100%). Biomass burning fluxes are prescribed and not subject to optimization. Ocean fluxes are optimized daily,
anthropogenic fluxes monthly, and land NEE every three hours for the period 2019 to 2021.

Global ocean prior fluxes are sourced from Jena CarboScope (s10oc_v2024E), provided at a spatial resolution of 2° x 2° and
a daily temporal resolution. For the European domain, ocean fluxes are obtained from CarbonTracker Europe High-Resolution
(CTE-HR, van der Woude et al. (2023)), which utilizes climatological Jena CarboScope fluxes to generate hourly fluxes at 0.1°
latitude x 0.2° longitude resolution, based on wind speed and temperature fields. Anthropogenic prior fluxes are derived from
EDGAR_2024_GHG (0.1° x 0.1°, monthly). These anthropogenic fluxes include emissions from shipping which are in the
Baltic Sea in EDGAR_2024_GHG based on the STEAM model. Within the European domain, land net ecosystem exchange
is obtained from the JSBACH-HIMMELI land ecosystem process-based model (0.125° x 0.125°, 3-hourly), driven by CRU-
ERAS climate data. Outside the European domain, land net ecosystem exchange fluxes are taken from the optimized biospheric
land fluxes from CAMS global inversion-optimized greenhouse gas fluxes and concentrations v23r1. Biomass burning fluxes
are sourced from GFAS v1.2 (0.1° x 0.1°, daily). All prior flux datasets are regridded to 0.2° x 0.2° over Europe and to 2° x
2° elsewhere.

Atmospheric CO, mole fraction measurements are taken from the European Obspack compilation, which includes CO, data
from both ICOS and non-ICOS European ground-based continuous monitoring stations for the period 1972-2025 (obspack_
c02_466_GVeu_v11_20250815, ICOS RI et al. (2025)). In total, measurements from 47 sites were incorporated into the inver-
sion. ICOS observations are provided as hourly averaged mole fractions at 1-hour resolution. The inversion assimilates these
hourly averages sampled every 3 hours (00, 03, 06, ..., 21), thereby utilizing information from the full diurnal cycle while
maintaining a manageable observation volume. Unlike approaches that restrict assimilation to afternoon or nighttime obser-
vations, this strategy ensures more continuous temporal coverage and imposes additional constraints on surface fluxes. When

measurements are available at multiple inlet heights at a given station, only data from the highest inlet are assimilated.

3 Results

For spatial analysis, the Baltic Sea was divided into sub-basins (Figure 1). The study area comprises the Danish Straits, Arkona
Basin, Bornholm Basin, Gdansk Basin, Eastern Gotland Basin, Western Gotland Basin, Gulf of Riga, Northern Baltic Proper,
Gulf of Finland, Aland Sea, Bothnian Sea, the Quark, and Bothnian Bay. The basin division follows the HELCOM subbasins
as developed by Pemberton (2022).

The bulk air-sea CO; flux was calculated as illustrated in Fig. 2, yielding monthly flux values for 2019 to 2021. These values
were adjusted using Copernicus sea ice data and the STEAM model, after which time series and mean net values were derived.
The resulting dataset allows investigation of spatial and temporal variability in air-sea CO- flux.

Figure 4 presents the STEAM-corrected bulk method net CO5 flux values for 2019 to 2021, both for the entire Baltic Sea

and for each basin individually, along with associated uncertainties. The three-year mean COs flux in the Baltic Sea during
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this period is -1.79 mmolm~2 d~! (uncertainty range: -21.9 to 11.8 mmol m~2 d~'), with annual means of -1.37, 1.57, and
-5.58 mmolm~2d~!. The annual mean fluxes among the 13 basins vary widely, ranging from -26.9 to 27.1 mmolm~2d~!.
Including ship emissions increased the Baltic Sea mean flux from -3.76 to -1.79 mmol m~2 d !, representing a change of 1.97

mmolm—2d-L.
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Figure 4. Bulk CO; flux estimates with and without STEAM ship emissions for each Baltic Sea basin during 2019-2021: (a) three-year
mean net CO> fluxes including ship emissions (bars) and mean air—sea CO> fluxes excluding ship emissions (dashed lines). The crosses
correspond to each year during the time period. Error bars indicate the estimated uncertainties, and the values above the bars denote the

corresponding mean fluxes with (bold) and without the STEAM model. (b) Monthly mean net CO- flux time series for each basin.

Figure 4a demonstrates that the Gulf of Finland and the Western Gotland Basin represent the most significant sources of

carbon dioxide, whereas the northern regions of the Baltic Sea act as strong carbon sinks. The impact of ship traffic emissions is

10
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Figure 5. Inversion fluxes. The a) panel shows the mean prior and posterior fluxes by basin, using bars corresponding to those in the a)
panel of Figure 4. The black lines overlaid on the wide bars indicate the annual mean values. Prior fluxes are shown in lighter colors, while
posterior fluxes are shown in darker colors. The two lower panels present the time series of the prior (b) and posterior (c) fluxes for each

basin. All data in this figure include oceanic and anthropogenic components of the inverse model.
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most pronounced in the Danish Straits and the Arkona Basin, where the differences between mean bulk flux values calculated
with and without the STEAM model are 8.13 and 5.83 mmolm~2d !, respectively. The STEAM contributions in Figure 4a
are presented per unit area (mmol m~2 d 1), supporting direct comparison among basins of varying sizes.

Monthly bulk CO- fluxes, including ship emissions (Figure 4b), display generally consistent patterns across the basins.
However, the Danish Straits, the Gulf of Finland, and the Bothnian Bay show clear deviations. The Danish Straits reach a
minimum in March each year, differing from most other basins, and otherwise remain close to zero. The Gulf of Finland
occasionally shows anomalously high fluxes compared with the other basins and the expected seasonal cycle, whereas the
Bothnian Bay shows anomalously low values, particularly during autumn and winter 2021. Overall, the fluxes follow a clear
seasonal cycle, with negative values (sink) in spring and summer and positive values (source) in autumn and winter. During
summer, the fluxes are relatively similar between the basins, while the differences are larger in winter.

For comparison, corresponding climatological values were calculated using the bulk method and open-access data from
Bittig et al. (2023), covering the period 2003 to 2021, as shown in Fig. A3. Since the STEAM model does not extend over
this period, these estimates exclude ship emissions. The 18-year mean flux is 0.25 mmolm~2d~! (uncertainty range: -6.44
to 4.72 mmol m~2 d~'). Among the 13 basins, climatological mean fluxes range from -9.10 to 3.48 mmolm~2 d !, which is
narrower than the range observed for 2019 to 2021. This narrower range is also reflected in the time series (Fig. A3b), which
presents the climatological monthly mean values.

Figure 5 presents results from the CIF-FLEXPART model. The three-year mean prior CO4 flux for the study area is 5.50
mmolm~2d ™!, while the mean posterior flux is 3.92 mmolm~2d~!. Both values account for oceanic and anthropogenic
components. In contrast to the STEAM-corrected bulk method, positive annual fluxes are observed in all basins. The Eastern
Gotland Basin is the only basin where the mean posterior flux slightly exceeds the mean prior flux, with a negligible difference
of 0.001 mmolm~2d~!. The most substantial change in mean flux is observed in the Danish Straits, where the posterior flux
decreases by 10.9 mmolm—2d~!.

The inverse model consists of two components: an oceanic component (Fig. A1) and an anthropogenic component (Fig. A2).
The oceanic component demonstrates a pronounced seasonal cycle, particularly in the prior fluxes. The anthropogenic com-
ponent is primarily positive in the prior estimates, although some basins also display seasonal variability. The anthropogenic
posterior fluxes include seven months with negative values, which may suggest that the inversion has difficulty distinguishing
shipping emissions from oceanic emissions. In both prior and posterior estimates, basin-mean oceanic fluxes remain close to
zero, while the anthropogenic component shifts the total mean fluxes (oceanic plus anthropogenic; Fig. 5) substantially toward
positive values.

The posterior flux time series (Fig. 5¢) demonstrates a pronounced seasonal cycle in most basins. However, the Danish
Straits, Gulf of Finland, and Bothnian Bay are notable exceptions. The Danish Straits have the highest monthly fluxes among
the basins, with negative fluxes occurring in only two months during the three-year period. In the Gulf of Finland, the flux is
negative during only one month, while no negative values occur in the Bothnian Bay. The temporal variation in the Arkona

Basin also differs from that in most other basins. Analysis of the component-wise time series (Figs. Al and A2) suggests that
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Figure 6. Basin-wise monthly net flux Pearson correlation between the STEAM-corrected bulk method and the inversion method posterior

flux. The Pearson correlation coefficient is shown in the upper-left corner of each panel.

245 the anomalous behavior in these four basins is primarily attributable to the anthropogenic component. In contrast, the remaining
nine basins exhibit broadly similar temporal variability and seasonal patterns.

The monthly variability of the inversion fluxes is lower than that of the STEAM-corrected bulk fluxes, with ranges from -12.4

to 46.3 (excluding the Danish Straits, up to 22.7) mmolm~2d~! and from -131 to 159 mmol m~—2 d~*, respectively (Figs.

4-5). Despite this difference in variability, the three-year basin-wise mean fluxes presented in the bar graphs are of comparable

250 magnitude to each other. Overall, the inverse model results show substantially more positive fluxes, suggesting a stronger CO4

source than the fluxes derived using the STEAM-corrected bulk method. The largest difference in annual mean fluxes between
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the calculation methods is observed in the Bothnian Bay, reaching 34.2 mmol m~2 d . Conversely, the smallest difference is
found in the Gdansk Basin, at 0.67 mmolm~2d~!.

In both time series (Fig. 5 b and c), peaks can be observed during midsummer (May or June), which correspond to the
interval between the two summer phytoplankton blooms. This pattern is also evident in Fig. Al. In the prior flux estimates,
this feature is relatively weak, but it becomes more pronounced following the inversion. In the STEAM-corrected bulk method
time series (Fig. 4b), the timing of the spring bloom peaks varies between basins. In contrast, the posterior inversion time series
(Fig. 5¢) indicates that bloom peaks occur predominantly in the same month across all basins.

Figure 6 presents the Pearson correlations between basin-wise monthly net fluxes derived from the two methods. Substantial
differences between the methods are evident across the basins. The strongest correlation is observed in the Eastern Gotland
Basin (r = 0.79), while the weakest occurs in the Gulf of Finland (r = 0.08). In the Bothnian Bay, the correlation coefficient
is negative (r = —0.20), indicating a weak inverse relationship between the two methods. In the latter two, almost all monthly
posterior fluxes are positive. The mean correlation across all basins is r = 0.49.

Figure A4 displays the Pearson correlations between STEAM-corrected bulk fluxes and the prior fluxes from the inversion
model. In all basins except the Danish Straits, the correlation coefficients are higher for the prior fluxes. The most pronounced
difference occurs in the Gulf of Finland, where the correlation is 7 = 0.71 for the prior and r = 0.08 for the posterior. The
overall Pearson correlation across all basins is = 0.65, suggesting slightly stronger agreement between the STEAM-corrected

bulk method and the prior fluxes compared to the posterior fluxes.

4 Discussion

The three-year mean air-sea CO5 bulk flux (excluding STEAM) of -3.76 mmolm~2d~! demonstrates that the Baltic Sea
functioned as a net sink of CO5 during 2019 to 2021. When the STEAM ship-emission model is included, the mean STEAM-
corrected bulk flux remains negative at -1.79 mmolm~2d~!. In contrast, the CIF-FLEXPART inversion model posterior,
which includes both oceanic and anthropogenic components, indicates a strongly positive flux of 3.92 mmolm=2d~! for
the same period. The net flux for the entire Baltic Sea, as estimated by the STEAM-corrected bulk method, is of the same
order of magnitude as values reported in previous studies (Kulifiski and Pempkowiak, 2011; Gustafsson et al., 2014; Norman
et al., 2013; Parard et al., 2017; Lansg et al., 2015; Gutiérrez-Loza et al., 2021). In comparison, the estimate without STEAM
correction suggests a slightly stronger CO; sink than previously documented. The climatological mean value for 2003 to
2021, calculated using the bulk method, also falls within the range of these studies, although it does not include STEAM
contributions, which were also not included in the previous studies.

Several uncertainties affect the interpretation of these results. The pCO5 data have relatively high uncertainties in some
regions, which also affect the calculated air-sea CO, fluxes. The January 2019 data were replaced by the mean values of
January 2020 and 2021, while the December 2020 values were interpolated from the adjacent months. Additionally, the pC'O4
data contain some locally large-error estimates, with up to 6497 grids exceeding a 200 patm standard deviation, representing

3.2% of all valid grids. When unreliable values are limited to certain regions, a basin-by-basin analysis allows anomalous
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basins to be identified without substantially affecting the interpretation of the other regions. However, temporally varying
uncertainties are more challenging to address. The mean values of individual basins are also influenced by the chosen basin
divisions. As illustrated in Fig. 1, the basin boundaries do not align precisely with the coastlines.

Areas with a high frequency of measurements exhibit reduced uncertainty in air-sea CO- flux estimates Bittig et al. (2024).
The majority of pCO5 data used for calculating the bulk air-sea CO, flux were collected by M/S Finnmaid, which operates
between Liibeck-Travemiinde and Helsinki. The vessel crosses the southern Danish Straits, Arkona, Bornholm, Western and
Eastern Gotland Basins, the Northern Baltic Proper, and the western Gulf of Finland (basin numbers 1, 2, 4, 5, 6, 8, and 9 in
Figure 1). The absolute uncertainties of the STEAM-corrected bulk fluxes in these regions, with the exception of the Gulf of
Finland, are notably lower than in other basins.

The parameterization of the gas transfer velocity, k, is another source of uncertainty. Dong et al. (2026) found a season-
dependent bias in £ when conventional wind speed—based parameterizations are used. Accounting for sea state and surfactants
resulted in a stronger seasonal cycle of air—sea CO, fluxes than with wind speed—based parameterizations. Dobashi et al. (2026),
in turn, found that wind speed—based parameterizations may overestimate k under fetch-limited and high-wind conditions in
coastal regions. The STEAM-corrected bulk method already shows large seasonal flux amplitudes, and the results of Dong et al.
(2026) suggest that these amplitudes could be even larger. On the other hand, the results of Dobashi et al. (2026) suggest that
fluxes may be overestimated in some coastal regions. The pCO- climatology may also represent coastal waters less accurately
than the open Baltic Sea, potentially underestimating the generally higher and more variable coastal pCO5 values and the
resulting air—sea CO, fluxes.

Uncertainties are particularly pronounced in the northern basins. Specifically, the sub-basins of the Gulf of Bothnia (11,
12, and 13) display strongly negative mean fluxes. During the winter of 2020-2021, fluxes remained negative throughout the
season in these regions, a result that may not be realistic and is likely attributable to insufficient measurements. Sustained
negative flux would imply continuous photosynthetic uptake to maintain low pCOs levels, which is not reasonable during
winter. When the northern basins are excluded from the calculation, the estimated net flux for the Baltic Sea during 2019-2021
is 5.46 mmol m~2 d~!. By comparison, the 2003—2021 climatology indicates that the Gulf of Bothnia basins functioned as net
CO;, sources of 2.84, 0.43, and 3.48 mmol m~2d ! from south to north, respectively.

Additional anomalous periods are observed in Quark and Bothnian Bay during May 2019 and February—March 2020. The
Pearson correlation between the flux estimates is weak for these basins (r = 0.25 and r = —0.20, respectively; Fig. 6), in-
dicating substantial differences between the flux estimates derived from the two methods. In contrast, Loffler et al. (2012)
reported mean fluxes of 0.4 and -2.0 mmolm~2d ! for the Bothnian Bay and the Bothnian Sea, respectively, based on ob-
servations from 1999-2010. Similarly, Lansg et al. (2015) estimated fluxes of 0.8 and 0.5 mmolm~2 d~! for the same basins.
The inversion-derived posterior flux in the Bothnian Sea (0.72 mmolm~2 d~!) is in good agreement with values reported in
previous studies, whereas the agreement is weaker in the Bothnian Bay. This suggests that inversion-based flux estimates may
be useful when in-situ pCO, data are not available.

Outside the northern parts, in the main basin areas (basin numbers 2, 3, 5, 6, and 8) the STEAM-corrected mean bulk fluxes

are slightly higher than expected, even in the absence of ship emissions. Thomas and Schneider (1999) estimated that the Baltic
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Proper functioned as a net sink, with an average flux of -2.47 + 0.25 mmolm~2 d~! during 1995-1996. Similarly, Norman
et al. (2013) reported a flux of -1.7 to -1.8 mmolm =2 d~! for the same area in a 50-year model simulation. Kuss et al. (2006)
found the Arkona Basin to be a sink of -9.86 mmol m~2 d~! during 2003-2004, while Wesslander et al. (2010) reported fluxes
of 6.4 and 4.5 mmolm~2 d~! in the Bornholm Basin and Eastern Gotland Sea, respectively, for the period 1994-2008.

The STEAM-corrected bulk fluxes display notable interannual variability, with 2020 being particularly distinct (Fig. 4). For
example, the Eastern Gotland Basin functioned as a net sink of CO5 in 2019 and 2021, but acted as a CO- source in 2020. This
basin is generally considered a CO; sink (Schneider et al., 2014), a pattern also reflected in climatological bulk fluxes (Fig.
A3a). The annual net STEAM-corrected bulk fluxes were -1.37 mmolm~—2d ="' in 2019, 1.57 mmolm—2d~! in 2020, and
-5.58 mmolm~2 d~! in 2021. The oceanic inverse posterior fluxes for 2020 also differ substantially from those of other years.
The corresponding annual mean fluxes for the Baltic Sea were 0.09, 1.26, and -0.06 mmol m~2 d 1, respectively (Fig. Al).

The CIF-FLEXPART inverse model also shows anomalous behaviour in some regions. The Danish Straits, Arkona Basin,
Gulf of Finland, and Bothnian Bay show only weak seasonal variability, with mostly positive fluxes throughout the study
period, except for a few months. Analysis of the component-wise time series suggests that this anomaly originates from
the anthropogenic component of the inverse model (Fig. A2), which dominates over the oceanic component in these basins.
Consequently, the fluxes in these basins exhibit weak Pearson correlations with the STEAM-corrected bulk method (Fig.
6), particularly in the Danish Straits (r = 0.12), Gulf of Finland (r = 0.08), and Bothnian Bay (r = —0.20). In contrast, the
remaining basin time series display broadly similar temporal variability throughout the study period.

The prior fluxes display variability of a similar order of magnitude to the posterior fluxes, as excepted. The oceanic prior
fluxes, derived from the CTE-HR, appear to represent the seasonal variability of the Baltic Sea CO4 flux in a relatively con-
servative manner. The anthropogenic component of the inverse model dominates the total flux signal (Figs. A2 and A1), which
partially obscures the natural seasonal variability in the posterior flux time series.

The Pearson correlation coefficients are relatively high in the southern basins, except for the Danish Straits, showing that
the temporal variability is similar between the two methods in these regions. In both methods, the flux time series follow
the expected seasonal cycle without the anomalous behavior seen in some other basins. Most pCO, measurements are also
concentrated in these regions, except for the Gdansk Basin, which likely contributes to the lower uncertainties of the STEAM-
corrected bulk flux estimates. The relatively high correlations therefore indicate good agreement between the methods in
regions with better observational coverage and where the inversion-derived fluxes follow the seasonal cycle well.

A notable feature of the results is the difference in the amplitudes of monthly and annual flux variability, as shown in Figs. 4
and 5, and also visible in Fig. 6. Most inversion posterior monthly fluxes range from approximately -5 to 15 mmolm~2d !,
whereas the STEAM-corrected bulk method fluxes vary within about 450 mmol m~2 d~!. The climatological monthly flux
time series (Fig. A3) falls between these two, with a range from -15 to 20 mmolm~2 d~! (without STEAM). Therefore, the
amplitude of the posterior flux time series is nearly an order of magnitude smaller than that of the STEAM-corrected bulk
method estimates. This is not totally unexpected, as the inversion framework has a coarser spatial resolution (0.2° x 0.2°)
than the STEAM-corrected bulk method (0.1° x 0.1°). The oceanic prior used in the inversion is based on the CTE-HR

product (0.1° x 0.2°), which is derived from the Jena CarboScope ocean CO, fluxes (2° x 2°), so the information content
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of the prior is ultimately limited by the coarser-resolution source data. Additionally, the predefined uncertainties of inverse
model components (oceans 100%, anthropogenic 80%, and net ecosystem exchange 100%) are substantial. Consequently, the
estimated fluxes from the inversion method are smoother and less sensitive to fine-scale variability than the observation-based
calculations.

Previous studies indicate that seasonal flux variations fall between the amplitudes derived from the inverse model and those
calculated using the STEAM-corrected bulk method. Shipboard measurements by Thomas and Schneider (1999) estimated an
annual flux range of approximately £20 mmol m~2 d~!. Using an atmospheric transport model, Lansg et al. (2015) reported
a variation of roughly -10 to 15 mmol m~2 d~!, which aligns with the inversion-model results. Additionally, Honkanen et al.
(2024) measured air—sea CO4 exchange at Uto Island in the southern Archipelago Sea, observing a monthly mean variation
of approximately -20 to 35 mmolm~2d~!. In comparison to these estimates, the variability of the STEAM-corrected bulk
method fluxes is relatively large. However, the latter two studies are based on multi-year averages.

Land-air CO; fluxes can also influence inversion-derived air-sea CO, fluxes. This effect is especially significant in the
Baltic Sea, where the extensive coastline facilitates close interaction between terrestrial and marine atmospheric signals. Since
land—air CO; fluxes are generally much larger than air—sea CO5 fluxes, the atmospheric signal from marine fluxes is relatively
weak. As a result, inversion-derived air—sea CO, fluxes are sensitive to uncertainties in atmospheric boundary conditions and
transport from nearby land areas. This may become more important at coarse spatial resolution, where the land—sea boundary
is less accurately represented. For instance, in the Danish Straits, the fragmentation of land and sea means that a 0.2°x 0.2°grid
cell covers a highly heterogeneous area. This heterogeneity may contribute to the elevated inversion-derived fluxes observed
in the Danish Straits (Fig. 5).

The Results section reports that the three-year mean contribution of STEAM ship emissions is 1.97 mmolm~=2d~!. The
posterior anthropogenic flux from the inversion model is 3.53 mmol m~2 d !, which differs substantially from the STEAM
estimate, despite the anthropogenic prior being based on the EDGAR inventory, where Baltic Sea shipping emissions are
derived from the STEAM model. The estimate of 2.8 mmolm~2 d~! reported by Jalkanen et al. (2009) for the Baltic Sea in
2007 falls between these values. The analysis by Jalkanen et al. (2009) also includes the Kattegat region, an area with active
ship traffic.

The estimated net air—sea CO- flux for the Baltic Sea should be considered indicative. As previously discussed, multiple
factors influence the resulting mean flux, and Fig. 4 indicates that the uncertainty of the basin-wide estimate is substantial,
with an error bar width of approximately 34 mmolm~2d~!. The inverse model results are also indicative and should be
interpreted with caution. The differences between the STEAM-corrected bulk method and the inverse model show that further
observations and methodological development are needed to better constrain the Baltic Sea carbon budget. The climatological
bulk flux estimates for the main basins are likely the most reliable, but they do not include the ship emissions estimated by
the STEAM model. Overall, the results show the value of combining different approaches to better describe the spatial and

temporal variability of CO, fluxes and the carbon budget of coastal seas such as the Baltic Sea.
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5 Conclusions

Combined air—sea and ship-related CO, fluxes in the Baltic Sea for 2019-2021 were estimated using two approaches: a
STEAM-corrected bulk method and atmospheric inversion modelling. The STEAM-corrected bulk method integrates the bulk
air-sea flux estimates with STEAM ship emissions, whereas the inversion method estimates surface CO- fluxes using atmo-
spheric transport modelling and CO; observations.

Both methods produced CO; flux time series with clear seasonal variability and broadly similar temporal patterns, although
the amplitudes differed by nearly one order of magnitude in some basins. However, the two methods gave contrasting esti-
mates of the net Baltic Sea CO5 balance. The STEAM-corrected bulk method indicated a net sink of atmospheric CO5 (-1.79
mmol m~2d '), whereas the CIF-FLEXPART inverse model indicated a net source (3.92 mmol m~2 d ') during 2019-2021.
Including STEAM ship emissions increased the bulk flux estimate by 1.97 mmolm~2 d~!, showing that ship emissions have
an important effect on the estimated Baltic Sea CO, balance. However, the flux remains negative. Without ship emissions, the
climatological bulk flux for 2003 to 2021 was closer to neutral at 0.25 mmol m~2 d~!. These results show that the estimated
Baltic Sea carbon balance depends on both the method used and the inclusion of anthropogenic emissions. Therefore, the
reported net fluxes should be regarded as indicative rather than definitive estimates.

Despite the differences in magnitude, both methods show many of the same large-scale features of the Baltic Sea carbon
cycle. The overall correlation between the basin-wise mean fluxes is moderate, but the agreement is relatively strong in the
southern and central Baltic basins. Thus, despite the differences in flux magnitude, the two methods show similar spatial
patterns and regional variability in some parts of the Baltic Sea.

The results vary considerably among basins, and natural regional variability must be distinguished from potential method-
ological uncertainties and deficiencies. Continuous measurements are required to improve flux estimates and further develop
the parameterizations used in bulk flux calculations. In particular, the large uncertainties in some basins indicate where ad-
ditional marine CO observations would be most beneficial. Atmospheric inversion models also require further refinement to
improve the representation of atmospheric CO, transport and boundary conditions, particularly in coastal regions where land
and sea interact. Although inversion modelling cannot replace in-situ observations, it provides an important complementary
approach, especially where marine pCO5 observations are sparse. Higher spatiotemporal resolution would further improve its
applicability to heterogeneous coastal seas.

Long-term observations are also needed to follow changes in coastal carbon dynamics, as increasing wintertime runoff
due to climate change may increase the transport of humus-rich water from land to coastal regions. Increased browning has
been observed particularly in the Bothnian Bay (Kahru et al., 2026), showing that terrestrial and marine carbon budgets are
closely connected. The substantial contribution of shipping also shows that anthropogenic emissions should be considered
when assessing the regional carbon balance of the Baltic Sea. Overall, better estimates of the Baltic Sea carbon budget require
long-term marine observations, complementary modelling approaches, and consideration of both natural and anthropogenic

carbon fluxes.
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Data availability.

The CERRA data are available from the Climate Data Store (Schimanke et al., 2021), and the Baltic Sea Physics data from
the Copernicus Marine Service (Danish Meteorological Institute (DMI), 2023). The regional Baltic Sea pCO- climatology is
available from the PANGAEA data repository (Bittig et al., 2023).

Appendix A: Additional figures from bulk method and inverse model results

Oceanic and anthropogenic components of the inverse model results are presented in Figs. A1 and A2, respectively.
Climatological basin-wise bulk method CO, mean fluxes and timeseries 2003—2021 are presented in Fig. A3.
Basin-wise Pearson correlations between STEAM corrected bulk method and inverse model prior fluxes are presented in

Fig. A4.
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Figure A2. The same as Figure Al. above, but only the anthropogenic component of inverse model.

Baltic Sea pCO2 climatology data from Bittig et al. (2024) were used in this study. The dataset is based on surface pCO2 observations
combined with ERGOM-derived variability patterns through a model-based extrapolation approach.
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Figure A3. The same as Figure 4., but the climatological results from year 2003 to 2021. The STEAM model is not included in these results.

This work was supported by the the following projects: the Strategic Research Council at the Academy of Finland: Marine waterways as

450 a sustainable source of well-being, security, and safety (Decision number: 365647); Verification System for the Green Transition (VISIO)

project, the Just Transition Fund (JTF) under the EU regional and structural policy; Atmosphere and Climate Competence Center (ACCC)

Flagship, the Research Council of Finland (grant nos. 359342 and 374289); the Finnish Marine Research Infrastructure (FINMARI, the
Research Council of Finland, Research Infrastructure Roadmap 2025-2028 (grant no. 367725).

22



https://doi.org/10.5194/egusphere-2026-5442
Preprint. Discussion started: 10 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

1. Danish Straits 2. Arkona Basin 3. Bornholm Basin 4. Gdansk Basin
s
r=-0.055".® r=0.675 r=0.831 r=0.839
30 ° & 30 -1 30 30 s
_________ o L e e
00 T e P s s
° == P ya %
20 20 e 20 4 20 et
o ® ~ L
[ 2o o B
°
10 10 * ° 10 o8 10 &
° e ° 1 % ° ..-o,?.
e
- ° ° Py
0 04— 0 . ) o,
- 6, e
r e’ e
/,’ ,/’
-10 -10 -10 < -10 <
-100 =50 o 50 100 150 -100 =50 o 50 100 150 -100 =50 o 50 100 150 -100 =50 o 50 100 150
5. Eastern Gotland Basin 6. Western Gotland Basin 7. Gulf of Riga 8. Northern Baltic Proper
r=0.842 r=10.879 r=0.753 r=0.777
30 30 30 30
) ’
’l’ ’/’ P4
L - L7
20 ad 20 o 20 20 el
e e, ’
. 00 -
° 0% ° e .. - o ° ,’r’o’
= 10 LA 10 Y 2 10 o 10 .'.o./.'
> Y 4 0 o oM o-g o’
& o % o ° Q'.V. e %o
¥ : 1 T ek = i : Al
. o | & . o %
€ o PR, 2% L-- ° o g
-7 e® ol paa 1 d
K] -10 -10 -10 -10
€ -100  -50 0 50 100 150 -100  -50 0 50 100 150 -100  -50 0 50 00 150 -100  -50 0 50 00 150
£
‘x' 9. Gulf of Finland 10. Aland Sea 11. Bothnian Sea 12. The Quark
= r=0.713 r=0.755 S r=0.672 r=0.543
il 30 30 —% 30 30
S 4
a o--""] J -
x ° L PPN, X o| 2 e
ﬂ 20 o o /—}’ 3 20 /, 20 /’, 20
o o 80 . L
5 10 —_‘,——.“6.' o.' 10 10 s ‘/ 10 o o
B Qe ®eeo o
o-s® ° .'As‘."4
0 0 0 i 01 o _ozz oy
%58 oo Yo [ T e o
-10 -10 5 -10
-100  -50 0 50 100 150 -100 150 -100 =50 0 50 00 150 -100  -50 0 50 00 150
r=10.249
30
20
L]
& -
° J—
0] ®° o L i SR
_____ % 'u':“.
o o®% %00
0
10
-100  -50 0 50 100 150

Air-sea bulk flux with STEAM (mmol m~2 day~1)

Figure A4. The same as Figure 6., but the inverse model prior fluxes.
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