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Abstract.

Coasts are globally identified as major sinks of carbon. Still, the carbon balance in the coastal Baltic Sea remains unsolved.

We analysed almost three years of continuous eddy covariance measurements of carbon dioxide fluxes in the coastal zone

of the northern Baltic Sea in 2022–2024. Our results show that this coastal site acted as a small source of carbon dioxide

into the atmosphere. The gap-filled carbon balances for 2023 and 2024 were 24.3± 0.3 g C m−2 and 19.2± 0.3 g C m−2,5

respectively. These results are comparable with earlier results by eddy covariance in the Baltic Sea. The measurements also

reveal a consistent seasonal pattern of fluxes among the years, where the sea acts as a sink of carbon dioxide in April–May,

as a variable source and sink in June–September, and a source in October–March. Maximum rates of monthly uptake were

measured in April and the maximum emission values in November. Data gaps were filled using a random forest model which

identified wind speed and sea salinity as the most important environmental co-variates of the carbon dioxide flux. Additionally,10

it was shown that the non-gapfilled monthly and yearly sums are offset due to lack of night-time data and thus uneven diurnal

data coverage and that gap-filling is essential in calculating the yearly balances of fluxes.

1 Introduction

The coastal ocean is globally a major sink of carbon dioxide (CO2) entering the marine environment from atmospheric, terres-15

trial, riverine and estuarine sources. Despite only covering only 7 % of total ocean area, shelf- and marginal seas (excluding

estuaries and tidal wetlands) absorb 150–300 Tg C yr−1 of CO2 from the atmosphere, about 9–18 % of the total oceanic CO2

sink (Chau et al., 2022; Regnier et al., 2022; Dai et al., 2022), and offset 2–3 % of global anthropogenic fossil fuel emissions

in 2014–2023 (Friedlingstein et al., 2025). Carbon uptake and storage in productive coastal ecosystems has been proposed as a

nature-based solution to mitigate climate warming (Macreadie et al., 2021). However, estimating coastal ‘blue carbon’ budgets20

remains a challenge (Kuwae and Hori, 2019). This is in large part due to variability in atmospheric carbon gas fluxes over time

and across diverse near-shore habitats, such as bare sand, kelp forests and eelgrass meadows. Estimating ‘blue carbon’ budgets
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therefore relies on in-situ observations that capture spatiotemporal variability of atmospheric CO2 fluxes in local habitats. In

this study we focus on the Baltic Sea, which exhibits strong seasonality in its carbon cycle driven in part by distinct succession

in its ecosystem components (e.g., Lammerant et al., 2024; Uth et al., 2024), with major implications for carbon cycling (e.g.,25

Attard et al., 2019; Roth et al., 2023).

The Baltic Sea is a shallow brackish sea with a mean depth of 53 m and a surface area of 4.17× 105 km2 (Jakobsson et al.,

2019). The carbon budget is dominated by riverine inputs of terrestrial organic carbon, the vast majority of which is exported to

the North Sea (Kuliński and Pempkowiak, 2011). Order-of-magnitude smaller quantities of carbon are buried in sediments and

exchanged with the atmosphere (Kuliński and Pempkowiak, 2011). It remains unclear whether the Baltic Sea is a net source or30

sink of atmospheric carbon; different upscaling methods, observation periods and locations have yielded contradictory results

(Gustafsson et al., 2014). The latest integral mass balance study (Kuliński and Pempkowiak, 2011) suggests that the Baltic as a

whole is a net source of carbon (1.1±1.7 Tg C yr−1), but more recent model-based estimates indicate that it is a net sink (−1.8

to −0.3 Tg C yr−1) (Norman et al., 2013b; Gustafsson et al., 2014; Lansø et al., 2015). The assessment of the carbon budget

is complicated by the strong and poorly characterized spatiotemporal variability of CO2 fluxes. Ship-borne measurements of35

CO2 partial pressure (pCO2) or alkalinity and pH, conducted primarily in open water, suggest that the northern Bothnian Bay

is a net source of carbon to the atmosphere (Algesten et al., 2006; Löffler et al., 2012), while the more productive Baltic Proper,

Gulf of Riga and Gulf of Finland further south may either be net sinks (Ohlson and Anderson, 1990; Thomas and Schneider,

1999; Schneider et al., 2014) or sources (Wesslander et al., 2010). Across these regions, carbon dioxide fluxes exhibit a clear

seasonality, with uptake during the spring algal bloom and emission in autumn (Thomas and Schneider, 1999; Rutgersson40

et al., 2008; Löffler et al., 2012; Norman et al., 2013b; Honkanen et al., 2024). Specifically, existing carbon budgets remain

biased by a lack of temporally resolved observations in highly complex, diverse, and dynamic near-shore areas (Kuliński et al.,

2022; Geilfus et al., 2026).

The uncertain sign of the overall atmospheric carbon flux from the Baltic Sea stems in part from poor quantification of

uptake and emission events occurring at timescales of days to months. Blooms of diatoms and dinoflagellates form during45

several weeks in March and April when both light and nitrogen become available after ice-off (Lips et al., 2014), and can

account for a major part of the annual CO2 uptake (Honkanen et al., 2021, 2024). However, ship-based snapshots show that

areas dominated by riverine inflows can be substantial CO2 emission hotspots, even in spring (Asmala and Scheinin, 2024;

Lainela et al., 2024). Upwelling of cool, CO2-rich deep water occurs in most coastal areas of the Baltic Sea from May to

September and is driven by Ekman transport under steady winds parallel to the shore (Bychkova et al., 1988; Lehmann et al.,50

2012; Zhang et al., 2022). Excess CO2 persists over days–weeks (Jacobs et al., 2021) and carbon emissions associated with

upwelling have, where measured, offset annual carbon uptake by 20–25 % (Kuss et al., 2006; Norman et al., 2013a). Due to a

lack of high-frequency monitoring, the importance of uptake and emission events for the annual carbon budget remains unclear.

Year-round monitoring is also required to assess how climate change alters carbon uptake and emission processes in the

Baltic Sea. For example, in the near-shore Finnish archipelago, a ship-based campaign showed a rapid drop in pCO2 during a55

storm following a heatwave in the autumn of 2018 (Humborg et al., 2019), suggesting that rapid degassing of accumulated CO2

could be a major source of carbon to the atmosphere. At the same time, year-round eddy covariance (EC) flux measurements
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at Utö, further offshore, indicated that 2018 had the lowest annual net CO2 emissions out of five years, as the exceptionally

high summer temperatures promoted cyanobacterial growth (Honkanen et al., 2024). Climate warming increases the frequency

of ice-free years and atmospheric heatwaves in the Baltic region (Meier et al., 2022) but assessing their impact on ‘blue60

carbon’ uptake requires continuous observations. EC flux measurements allow direct, automated and high-frequency estimates

of air–sea carbon and energy exchange, but only two EC flux towers in the Baltic region have collected long-term flux data:

Östergarnsholm near Gotland, Sweden (1995–present) (Rutgersson et al., 2008, 2020) and Utö in the Gulf of Finland (2017–

2021) (Honkanen et al., 2021), both over relatively deep coastal shelves (water depth 10–50 m in tower footprint).

We currently lack continuous carbon flux observations in shallow (water depth < 5 m) near-shore environments. Vegetated65

shallow regions of the Baltic Sea are home to key habitats for blue carbon storage, such as eelgrass meadows, and act as a

biogeochemical filter for nutrients and organic matter from land to the open sea (Asmala et al., 2017; Carstensen et al., 2020).

Consequently, they are increasingly recognized as important sites for carbon production, exchange, and burial (Humborg et al.,

2019; Kuliński et al., 2022; Roth et al., 2023). However, carbon budgets for the Baltic have been based on sediment burial rates,

which exclude water column metabolism and transport processes (Tokoro et al., 2019; Roth et al., 2023), or model estimates,70

which vary considerably depending on underlying geospatial data and assumptions about driving processes (Lansø et al., 2015).

Net annual carbon fluxes in shallow vegetated areas may be similar to those offshore, because algal blooms, driving carbon

uptake, occur across depth zones (Lips et al., 2014), but this is yet unknown. This limits our ability to accurately estimate

carbon fluxes based on measurements of pCO2, water temperature and wind speed, for example, from ships of opportunity.

In this study, we present almost three years of EC observations of CO2 fluxes from a shallow coastal area at Tvärminne75

Zoological Station (TZS) in the southern Finnish archipelago. We examine the annual cycles of these fluxes and compare them

to those of deeper and more exposed coastal waters at Östergarnsholm and Utö. Using random-forest-based gap-filling, we

estimate monthly and annual net carbon exchange. Our dataset addresses the gap in carbon flux data that currently exists for

very shallow, vegetated coastal areas in the Baltic Sea, and complements past and ongoing carbon flux monitoring offshore.

2 Materials and methods80

2.1 Site description

The eddy covariance tower is located on the western end of an islet (Idgrund) on the Baltic Sea coast in southern Finland at

59.842◦ N, 23.250◦ E (Fig. 1, Fig. S1). The islet is approximately 15 m × 25 m in size and 2 m at its highest point. The

location is a semi-enclosed bay in the vicinity of the Tvärminne Zoological Station of the University of Helsinki. The site

contributes to the Integrated Carbon Observation System (ICOS) as an associated ecosystem station (FI-Tvm). In addition, the85

EC setup is part of an integrated Station for Measuring Ecosystem-Atmosphere Relations (SMEAR) site run by the University

of Helsinki (Thakur et al., 2025) and part of Centre for Coastal Ecosystem and Climate Change Research (CoastClim, https:

//www.coastclim.org/, most recent access 17 April 2026).

The over-water fetch around the tower measures between 100 m and 800 m, except for the sectors in the south-south-east

and south-west where it is approximately 1–3 km. The bay borders the mainland in the west and north and open water with90
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islands in other directions. The sea surrounding the EC tower is mostly 4–8 m deep, but shallower areas exist close to the land.

The seafloor consists of bare soft-sediment and hard substrate areas, as well as vegetated habitats (see e.g. Lammerant et al.,

2024). The seabed sediments in the immediate vicinity of the site are primarily medium sands with interspersed areas of silty

deposits. To the southwest of the tower, the aquatic vegetation is dominated by eelgrass (Zostera marina), and to the north and

southeast by brown algae (Fucus vesiculosus). Annual algal blooms typically occur in April–May (dinoflagellates and diatoms)95

and August (cyanobacteria) (Uth et al., 2024).

The sea surface temperature at the measurement site varies annually between 0 ◦C and approximately 20 ◦C and the annual

mean is 9 ◦C. An increasing trend in water temperature has been observed (Goebeler et al., 2022; Stockmayer and Lehmann,

2023). The water is brackish with a salinity of 5–7 PSU (Merkouriadi and Leppäranta, 2014). Sea ice occurs almost every winter

at the site, although the duration of the ice cover may vary between 0 and 3 months. Similarly, ice thickness and area fraction100

are highly variable. There are no long-term ice phenology observations at the EC site. Air temperature and precipitation are

measured by the Finnish Meteorological Institute’s (FMI) permanent weather station 300 m from the EC site on the mainland.

The mean annual air temperature and mean annual precipitation during the reference period 1991–2020 were 6.5 ◦C and 634

mm, respectively.

The geology of the area is characterized by granodiorite bedrock and the maximum elevation is 10–25 m above sea level.105

Both the mainland and larger islands are covered in forest with Scots pine (Pinus sylvestris) and European alder (Alnus gluti-

nosa) as the dominant species, but there are numerous areas of non-vegetated bedrock surface, especially on the small islands

in southeast and southwest. Although no major urban or agricultural areas are located near the site, river discharge from the

northeast delivers organic carbon and nutrients from inland catchments to the study area.

2.2 Eddy covariance and ancillary measurement setup110

The EC tower stands atop a concrete base which protects the mast from rafting sea ice. The measurement height is 4.2 m above

the mean sea level. The height from the actual sea surface may vary by approximately 0.5 m from the mean due to sea level

changes (Fig. S2). These are caused by wind forcing and the total water budget of the Baltic Sea such that the highest water

levels occur during westerly or south-westerly winds, and typically during late autumn and winter. Tides are negligible at the

site.115

The three Cartesian wind speed components u, v and w and the sonic temperature Ts are measured by a uSonic-3 Scientific

sonic anemometer (METEK GmbH., Elmshorn, Germany), installed at the top of a 3 m tall mast (Vaisala Oyj., Vantaa, Finland).

The gas analyser is a LI-7200RS (LI-COR Biosciences Inc., Lincoln, Nebraska, USA) for measuring CO2 and H2O dry mole

fractions. Measurements with the sonic anemometer commenced on 18 February 2022 and CO2 flux measurements on 10

March 2022. The time interval used for the data analysis in this work is 10 March 2022 – 31 December 2024.120

The LI-7200RS’s air intake tube is a standard, insulated intake tube (LI-COR). It is 1 m in length and has an inner diameter

of 5 mm. The flow speed is kept at a constant 12 L/min. The instrument itself is mounted on the EC mast but the flow unit and

field computers are placed in cabinets 15 m away from the mast. Electric cables from the EC mast to the cabinets run along an
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Figure 1. (a) Map of the Baltic Sea and its surroundings and the location of the EC site (red circle). (b) Flux footprint climatology and the

two wind sectors used in our analysis. The grey lines and the shading represent the area within which flux signals have accumulated. The

lines are at 10 % increments and the outermost line represents the 90 % flux footprint climatology. The blue lines mark the sectors from

which the fluxes were accepted. Fluxes from outside these sectors were potentially influenced by land and discarded. The red circle denotes

the EC site. The yellow square marks the location of the Monicoast buoy and the orange triangle the location of the FMI weather station.

elevated wire 1 m above the ground and sea to prevent damage from moving sea ice. The cables are heated in order to avoid

ice buildup.125

Air temperature and relative humidity are measured with a HMP155 probe (Vaisala Oyj., Vantaa, Finland) on the islet at

a height of 4 m above mean sea level. Water temperature and salinity are measured approximately 100 m south from the

EC tower at a depth of 3.5 m using a YSI Exo2 sonde (Xylem Inc., Yellow Springs, Ohio, USA) aboard the monitoring

buoy ’Monicoast’. Global and reflected shortwave (SW) and incoming and outgoing longwave (LW) radiation components

are measured above water on the southern side of the islet with a CNR4 net radiometer (OTT HydroMet B.V., Delft, The130

Netherlands). Photosynthetically active radiation (PAR) is measured with a PQS1 radiometer (OTT HydroMet B.V.).

2.3 Eddy covariance data processing

The turbulent flux of CO2 is defined as

FCO2 =
ρd

Md
w′χ′

CO2
, (1)
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Table 1. Coefficients for the cospectral fit grouped according to the atmospheric stability z/L and frequency n.

a b c

z/L < 0, n≤ 1 14.7 22.0 1.6

z/L < 0, n≥ 1 3.7 3.8 2.3

z/L > 0, n≤ 1 5.8 4.9 2.1

z/L > 0, n≥ 1 9.2 3.8 2.7

where ρd and Md are the dry air density and the molar mass, respectively, and w′χ′
CO2

is the covariance of vertical wind speed135

w and the CO2 dry mole fraction χCO2
(Aubinet et al., 2000). Fluxes were calculated with the EddyUH software (Mammarella

et al., 2016), and it included the following processing steps: de-spiking of time series (Mauder et al., 2013) and mean removal

by block-averaging, double coordinate rotation of wind velocity components, time lag adjustment between the w and χCO2

time series by maximising their cross-covariance within a predefined window, and calculation of 30 min fluxes. Fluxes were

corrected for high frequency spectral losses (Mammarella et al., 2009) by dividing the fluxes by the flux attenuation factor Fa,140

defined as

Fa =

∫∞
0

Cm(f)TF df∫∞
0

Cm(f)df
, (2)

where TF = [1+ (2πfτ)
2
]−1 is the first order transfer function with empirically derived CO2 response time τ = 0.13s, and

Cm is the site specific normalized model cospectrum derived by fitting a functional form by Kaimal et al. (1972) to the wT

cospectrum CwT ,145

Cm =
fCwT

cov(uT )
=

an

(1+ bn)
c , (3)

where f is the natural frequency, n= zf/U is the dimensionless frequency, z the measurement height, U the mean wind speed

and a, b and c are the fitting coefficients. The fitting was done separately for stable and unstable atmospheric conditions, defined

by the stability parameter ζ = z/L, where L is the Obukhov length. Table 1 reports the coefficient values for different stability

classes, and Figure 2 shows one example of the average cospectra for CO2 and Ts.150

The data logging system suffered a synchronisation problem during October 2023 – June 2024. During this period, the gas

analysers’ internal clocks would fluctuate between −9 and +9 s relative to the system time. The time series were corrected by

determining the shifted lag time for w and LI-7200RS CO2 mole fraction with the cross-covariance maximisation method and

with several partially overlapping windows in order to reduce scatter in the estimated lag times and then shifting the LI-7200RS

time series accordingly. Average lag when the instrument was functioning correctly was 0.25 s for CO2.155

The flux footprint climatology was determined using the model by Kljun et al. (2015). The input variables were the mean

wind speed, wind direction (WD), Obukhov length, standard deviation of lateral wind speed, friction velocity u∗ and boundary

layer height hBL = 1000 m (constant). The measurement height was assumed constant, i.e. sea level fluctuations were not

taken into account. The calculated footprint climatology (Fig. 1b) shows that 90 % of the fluxes originate within 600 m of the
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Figure 2. Averaged cospectra of sonic temperature (black) and CO2 mixing ratio (cyan) from April 2023 as a function of the dimensionless

frequency n. The spectra are multiplied by frequency f and normalised by covariances w′χ′
CO2

or w′T ′
s . The spectra are from instances of

unstable and near-neutral atmospheric stability. The dashed red line shows the cospectral model function Cm. The dashed grey line shows

the expected −4/3 inertial subrange scaling.

tower. This allows for unobstructed trace gas flux measurements from two sectors: 95◦ ≤ WD ≤ 165◦ and 205◦ ≤ WD ≤ 256◦.160

Increasing the measurement height by 1 m would extend the upwind footprint distance by approximately 20 %. Since the

available fetch in the accepted sectors exceeds 1 km in the southeast (SE) and 2 km in the southwest (SW), such a change

in measurement height – resulting from variations in sea level – would not significantly affect the footprint composition or

alter the accepted sectors. The small islands in the flux footprint are nonvegetated, i.e. they do not affect the trace gas flux

measurements. In the nomenclature of Rutgersson et al. (2020), the accepted sectors represent Category 2, or open-water165

sectors where the wave field is affected by land and where source density of fluxes can be heterogeneous. The excluded sectors

represent Category 3. Instances when the wind was in the accepted sectors comprised 37.3 % of the total measurement period.

The fluxes were screened using the following quality criteria: wind direction as stated above, flux stationarity test (Mahrt,

1998) with the nonstationarity ratio for FCO2 < 3, gas analyser diagnostics, and requiring the 30-minute standard deviation

of χCO2
to be less than 2 ppm. The criterion for the standard deviation was used to identify occasions when advection of170

CO2 occurs especially during situations with a strong land–sea breeze. The criteria partly overlap each other and in total,

the screening retained 22.9 % of the raw FCO2, or 11269 data records in total (Tab. 2). The data screening was effective in

removing outliers from the raw CO2 fluxes, and the remaining fluxes were generally small in magnitude.

Monthly data coverage for FCO2 varied between 0 % and 45 %. The fraction of quality-controlled fluxes to the total

amount of data as a function of time of day varied between 0 % and 71 % (Fig. S3). Between March and August, there was a175

considerable difference in the amount of accepted flux data between day and night, daytime being defined as PAR > 10 µmol

m−2 s−1. In most extreme cases such as in May, August and November 2024, the fraction of accepted nocturnal data was close

7

https://doi.org/10.5194/egusphere-2026-3945
Preprint. Discussion started: 14 July 2026
c© Author(s) 2026. CC BY 4.0 License.



Table 2. Quality filtering criteria for FCO2 and the percentage of flux data they retain.

Criterion Data retained (%)

Wind direction 37.3

Flux stationarity 78.9

σCO2 92.6

Gas analyser diagnostics 93.2

Total 22.9

to 0 %. The primary cause for this is the land–sea breeze that occurred during many nights. There is also seasonal variability

in the amount of data with the highest amount of accepted data occurring during summer.

2.4 Gap-filling180

We obtained annual sums of CO2 fluxes by gap-filling half-hourly, quality-controlled CO2 fluxes. A random forest model

(Breiman, 2001) was used because tree-based methods do not assume a specific relation between variables (i.e. exponential)

and consistently outperform other gap-filling methods for eddy covariance fluxes (Irvin et al., 2021; Mahabbati et al., 2021).

Fluxes were gap-filled for the continuous period between 10 March 2022 and 31 December 2024, based on availability of

the independent variables. The gap-filling step was important because of a clear daytime bias in the number of half-hourly185

fluxes (Fig. S3), and a large fraction of missing CO2 flux data after quality control (77.1 %). The independent variables in the

model were year, day-of-year, hour, wind speed, wind direction, total incoming shortwave radiation, total incoming long-wave

radiation, photosynthetically active radiation (PAR), air temperature, surface water temperature, surface water salinity, and the

atmospheric CO2 mixing ratio. Because continuous timeseries of all independent variables are required to gap-fill CO2 fluxes,

we first imputed the independent variables via iterative random forest chaining using the missRanger function in R, a fast190

implementation of the missForest algorithm (Stekhoven and Bühlmann, 2012). The fraction of data gaps was relatively small

for the measured independent variables, ranging from 3 % (wind speed) to 21 % (salinity). We tuned the hyperparameter for

the number of variables randomly sampled as candidates at each split using TuneMtryFast in the TuneRanger package in R

(Probst et al., 2019). Finally, we fitted the random forest model using the ranger function in R with 1500 trees (Wright and

Ziegler, 2017) and predicted values for each missing CO2 flux estimate. The out-of-bag coefficient of determination (R2), or195

variance explained by the model, was 0.51.

The random forest model can be used to identify the most important drivers of the CO2 flux. We used standardized per-

mutation importance scores, which reflect the reduction in model performance upon shuffling the values of each predictor. In

the gap-filling model described above, the most important predictor variables were wind speed, day-of-year and salinity (Fig.

3). However, strong collinearity of predictors (e.g. surface water and air temperature) reduces the importance scores of both,200

which can bias predictor ranking. We therefore repeated the random forest analysis without air temperature and PAR, such that

the absolute value of Kendall’s τ was larger than 0.7 for each predictor pair (Dormann et al., 2013). In the second model, the

most important predictors were still wind speed, day-of-year and salinity.
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Figure 3. Variable importance of CO2 flux random forest predictor.

2.5 Estimates of flux uncertainty

The uncertainty δF,i of each half-hourly flux measurement was estimated as the random error with the method of Finkelstein205

and Sims (2001). The uncertainty estimates were heteroscedastic with their magnitude depending on the magnitude of the

fluxes. The method of Lenschow et al. (2000) was used to estimate the instrumental error. Its mean magnitude was only 18 %

of the total random uncertainty of FCO2. It can be concluded that the random uncertainty of the CO2 fluxes was mainly caused

by the stochastic nature of the turbulence itself and not by the instrumentation. For the error estimation of the gap-filled fluxes, a

linear dependence on the absolute magnitude of the flux was used, calculated from the measured fluxes: δF,i = 0.287 |Fi|+0.05210

µmol m−2 s−1.

The propagation of uncertainty was estimated with two different methods. When calculating means of fluxes for time-of-

day bins, the uncertainty estimates δF,i for individual flux values Fi were treated as independent and identically distributed,

in which case the total uncertainty of flux ensemble mean ⟨F ⟩ with N observations could be calculated with a quadratic

propagation of uncertainty: ∆⟨F ⟩ =
√∑N

i=1 (δF,i)
2
/N2 (Rannik et al., 2016). For the aggregated monthly and yearly sums215

and weekly means of gap-filled fluxes, we applied a Monte Carlo method following Richardson and Hollinger (2007). In this

approach, new realizations of the flux time series were generated by replacing each individual flux value Fi with Fi+ϵF,i, where

ϵF,i was randomly drawn from a Laplace distribution with the estimated flux random uncertainty δF,i as the scale parameter. A

total of NMC = 10000 of these realisations were computed and their corresponding aggregates (sum or mean) were evaluated.

The resulting distribution of the aggregated fluxes is approximately Gaussian, its mean converges to the aggregate of the220

original gap-filled flux time series and the spread, expressed as the 95 % confidence interval, gives an estimate for the total

uncertainty. These uncertainty estimates were calculated separately for all weekly means, as well as monthly and yearly sums.
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3 Results

3.1 Meteorological and environmental conditions

The meteorological and environmental conditions during 2022–2024 are shown in Fig.4 and Fig. S2. The air temperature at the225

EC site varied between −18 ◦C in January 2024 and +26 ◦C in June 2022, showing a clear seasonal pattern where the highest

temperatures are observed during June–August and the lowest during December–March. The annual mean air temperatures at

the FMI weather station were +7.3 ◦C in 2022, +6.7 ◦C in 2023 and +7.7 ◦C in 2024 which all exceeded the 30-year mean

of +6.5 ◦C. Winter temperatures exhibited the largest interannual variability, winter 2023–24 having the coldest temperatures

of the measurement period. During other seasons, the interannual variability was smaller.230

The water temperature followed the air temperature, but with smaller and delayed variability. The maximum water tempera-

ture was +22.6 ◦C which occurred in June 2022 and the minimum −0.4 ◦C in January 2023. The largest differences in water

temperature between years occurred in May–August. During this time, the temperature varied between +6 ◦C and +22.6 ◦C.

The temperatures in autumn, winter, and spring were fairly consistent throughout the three years. Photosynthetically active

radiation (PAR) followed a consistent yearly pattern, modified by cloudiness, with maximum in the summer and minimum in235

winter. The sea surface salinity varied between 4.6 and 7.2 PSU and did not show any seasonal pattern (Fig. S2d). Sea ice oc-

curred sporadically during the winter 2022–2023 and from early January to early March 2024, although with some intermittent

periods of ice breakups.

Wind speeds were generally the highest during autumn and winter but the overall seasonal differences were small. The wind

was largely channeled between land areas and southwesterly wind over the main open-water sector prevailed (Fig. S4). The240

highest 30-minute mean wind speed up to 18 m s−1 was observed in the SW sector. A notable land–sea breeze in the land

sectors 0◦–90◦ and 270◦–360◦ was apparent especially in spring and summer during low synoptic activity (Fig. S5).

3.2 CO2 fluxes

Time series of FCO2
are presented in Fig.5. Individual 30-minute values had relatively large scatter but were mainly small with

absolute magnitudes of less than 1 µmol m−2 s−1 for 99 % of the fluxes. Monthly means of FCO2
varied between −0.30 µmol245

m−2 s−1 and +0.44 µmol m−2 s−1. The weekly means varied between −0.48 µmol m−2 s−1 and +0.60 µmol m−2 s−1. The

mean uncertainty of the measured 30-minute FCO2 was 0.12± 0.15 µmol m−2 s−1 (mean and standard deviation).

The distribution of gap-filled FCO2 has a small positive offset compared to that of non-gapfilled values, visible as the small

difference in the weekly means (Fig. 5). In addition, the distribution of the gap-filled values tends towards zero more than their

non-gapfilled respective counterparts. The weekly means of gap-filled FCO2 varied between −0.2 and +0.3 µmol m−2 s−1250

whereas the non-gapfilled weekly means had larger variability, the flux varying between −0.5 and +0.7 µmol m−2 s−1.

Comparing the mean monthly gap-filled FCO2 with the non-gapfilled monthly means reveals a difference in the non-

gapfilled monthly means (Fig. 6). The difference was positive when the gap-filled monthly balance was more than approxi-

mately 0.1 µmol m−2 s−1. This holds primarily for months where the diurnal distribution of accepted FCO2 was approxi-

mately uniform, that is, in September–February. The same difference is reflected in the annual sums where the non-gapfilled255
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(a)

(b)

(c)

(d)

Figure 4. Meteorological and environmental conditions at the Tvärminne EC site FI-Tvm during 2022–2024. The line and the shading denote

the daily mean and maximal daily variability, respectively. (a) Air (black) and water (blue) temperature (T ). (b) Photosynthetically active

radiation (PAR). (c) Relative humidity (RH). (d) Wind speed (U ) at 4.2 m above the mean sea level.

Table 3. Annual sums of the quality-controlled non-gapfilled and gap-filled FCO2 in g C m−2 and their estimated uncertainties. The year

2022 starts from 10 March and is therefore presented in brackets.

2022 2023 2024

Not gap-filled (−1.6± 1.9) 13.3± 5.9 −10.7± 2.1

Gap-filled (16.5± 0.5) 24.3± 0.5 19.2± 0.4
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sums skew more negative by 11–30 gC m−2. Additionally, it can be seen that the gap-filled and non-gapfilled monthly means

do not match except in only a few cases. The underlying reason for these differences is the non-uniform diurnal distribution of

fluxes where the majority of gaps occur in the nighttime.

3.3 Diurnal, seasonal and interannual variability of CO2 fluxes

CO2 fluxes exhibited a clear diurnal cycle. Statistically significant differences between day and night FCO2 (2-sided t test,260

p < 0.05) were found mainly between April and October (Tab. S1). The diel cycle of fluxes was visible as a U shape in

April–August, most prominently in April and May (Fig. 7). Fluxes during daytime became negative in March and remained

so until August–September. Nighttime fluxes were approximately 0 µmol m−2 s−1 or slightly positive (0.1–0.2 µmol m−2

s−1) in December–March. In April and May, the nighttime fluxes stayed mostly negative apart from a few nighttime hours

of positive fluxes. In June–November, the nighttime fluxes were between 0 and 0.6 µmol m−2 s−1. The largest daytime sink,265

approximately −0.4 µmol m−2 s−1, occurred in April, whereas the greatest emissions occurred in October–November with

flux values of approximately 0.6 µmol m−2 s−1.

The CO2 fluxes had consistent seasonal patterns that become apparent when averaging the 30-minute fluxes over several

days or weeks (Fig. 8). In mid or late March, the sea turned into a carbon sink. Peak uptake of CO2 occurred in late April,

with weekly means between −0.2 and −0.4 µmol m−2 s−1. Over May–September, the sea was approximately at a net zero270

CO2 exchange but there was both intra- and interannual variability in the fluxes. The sea became a source of CO2 typically in

September, albeit the onset of this stage varied from year to year, and this stage lasted until the beginning of the next spring.

Weekly means during this stage were approximately between 0 and +0.4 µmol m−2 s−1. In 2022 and 2023, the spring uptake

was stronger than in 2024, but on the other hand, the daytime uptake of CO2 was stronger in 2024 and lasted until September.

Maximum monthly emissions occurred consistently in November with weekly mean CO2 emissions reaching +0.4 µmol m−2275

s−1. The interannual variability of monthly fluxes was at lowest in February–April whereas the highest variability was observed

in June–November. Especially during September–November, there were changes in FCO2 over timescales of a few days.

Yearly balances of non-gapfilled and gap-filled FCO2 are presented in Table 3. The gap-filled balances are positive, indi-

cating that the footprint area was a carbon source to the atmosphere, and the balances show interannual variability. All the

gap-filled balances are larger than their respective non-gap-filled balances by 11–30 g C m−2. We note that the non-gapfilled280

balances show approximately a net zero total carbon exchange during 2022–2024. With this amount of gaps and the uneven

diurnal distribution of data, gap-filling is essential in resolving the total balance.

4 Discussion

4.1 Temporal variability of CO2 fluxes

The CO2 fluxes measured at the Tvärminne EC site exhibit a clear and recurring temporal structure across multiple timescales.285

Seasonally, three distinct phases can be identified: (i) a spring uptake period from late March to mid-May, (ii) a transition

13

https://doi.org/10.5194/egusphere-2026-3945
Preprint. Discussion started: 14 July 2026
c© Author(s) 2026. CC BY 4.0 License.



-0.5

-0.25

0

0.25

0.5

-0.5

-0.25

0

0.25

0.5

FC
O

2 (µ
m

ol
 m

-2
 s

-1
)

-0.5

-0.25

0

0.25

0.5

0 6 12 18 24
-0.5

-0.25

0

0.25

0.5

0 6 12 18 24
Local time (h)

0 6 12 18 24

(a) Jan (b) Feb (c) Mar

(d) Apr (e) May (f) Jun

(g) Jul (h) Aug (i) Sep

(j) Oct (k) Nov (l) Dec

2022 2023 2024

Figure 7. Diurnal patterns of FCO2 in different months (subplots) and years (colours of lines). The fluxes are averages into 2 h bins. The

line and the shaded area show the mean and the estimated uncertainty for each bin.

14

https://doi.org/10.5194/egusphere-2026-3945
Preprint. Discussion started: 14 July 2026
c© Author(s) 2026. CC BY 4.0 License.



01 04 07 10
Month

-0.5

-0.25

0

0.25

0.5
FC

O
2 (µ

m
ol

 m
-2

 s
-1

)
2022 2023 2024
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obtained by the Monte Carlo method.

period with alternating uptake and emission from late spring to early autumn, and (iii) a period dominated by emissions during

late autumn and winter. This seasonal cycle is consistent across years but is modulated by considerable interannual variability,

particularly during the latter half of the year. Superimposed on the seasonal signal is a pronounced diurnal cycle, characterised

by daytime CO2 uptake and nighttime emission or near-zero flux. These diel dynamics indicate rapid changes in the balance290

between production and respiration processes within the system.

The magnitude of the observed fluxes is comparable to those reported for other mid- and high-latitude coastal and estuarine

systems (Dai et al., 2022). In addition, the temporal patterns observed at Tvärminne broadly resemble those reported at the

two other long-term EC sites in the Baltic Sea, Östergarnsholm (Gutiérrez-Loza et al., 2022) and Utö (Honkanen et al., 2024),

although important differences emerge when examined in more detail.295

The onset of the spring CO2 uptake at Tvärminne occurs at approximately the same time as at Utö, suggesting a regionally

coherent trigger for the spring uptake. However, differences become more evident during summer. At Tvärminne, the system

acts as a weaker and more variable CO2 sink than at Utö, particularly during June–July, with CO2 fluxes of approximately

0 or slightly negative. Compared to Östergarnsholm, the spring uptake at Tvärminne begins slightly later but reaches a larger

magnitude and for a longer duration. During summer, the fluxes at Tvärminne are similar in magnitude to those at Östergar-300

nsholm; however, after June, monthly mean fluxes at Tvärminne turn positive, whereas they generally remain negative at Utö

and Östergarnsholm until August.

Spring uptake in Tvärminne starting later than in Östergarnsholm but reaching a similar magnitude could indicate the role

of benthic macrophytes in the system. Indeed, previous aquatic eddy covariance measurements in the area have shown that

benthic carbon fluxes can exceed air–sea fluxes by an order of magnitude in certain habitats (Attard et al., 2019), highlighting305
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the importance of shallow-water macrophyte systems. In particular, Fucus vesiculosus-dominated habitats exhibit high gross

primary production and act as strong carbon sinks. Benthic processes also contribute year-round: production increases rapidly

with light in late winter, while wintertime gross primary production (22–30 %) and respiration (27–31 %) constitute a substan-

tial fraction of annual totals. Although the exact footprint-weighted contributions of different benthic habitats remain uncertain,

their combined influence is likely a key factor shaping the observed temporal variability in CO2 fluxes at Tvärminne.310

During autumn and early winter, all three sites act as CO2 sources, but emissions are typically smaller at Tvärminne. A likely

contributing factor is seasonal sea ice, which reduces air–sea gas exchange. At Tvärminne, fluxes approached zero during

periods of ice cover in winter 2023–2024, whereas Utö and Östergarnsholm experienced little or no ice during 2022–2024.

Although this suggests that ice cover may partly explain inter-site differences, more accurate observations are required to

confirm this mechanism.315

Despite differences in seasonal dynamics, all three sites act as net annual CO2 sources. Annual carbon balances at Tvärminne

(24.3 and 19.2 g C m−2 for 2023 and 2024, respectively) are remarkably similar in magnitude to those reported for Utö (27.1 g

C m−2) and Östergarnsholm (approximately 25 g C m−2, not gap-filled), even though these latter sites are more representative

of open-sea conditions.

4.2 Drivers of CO2 fluxes320

The CO2 flux is governed by two primary controls: the turbulence in the water-side surface layer, which regulates the magnitude

of the flux, and the air–sea CO2 gradient, which determines its sign. Our random forest model identified wind speed as the

most important predictor of CO2 flux. Wind-driven turbulence is widely recognised as the dominant control on air–sea gas

exchange (Upstill-Goddard, 2006) and operates on the same temporal scale as flux variability. In the absence of direct pCO2

measurements, identifying other specific drivers is challenging; however, the observed flux variability can be interpreted in the325

context of known pCO2 dynamics in the Baltic Sea.

Surface water pCO2 in the Baltic Sea exhibits strong spatial and temporal variability (Bittig et al., 2024). This variability is

influenced by physical processes such as riverine input, upwelling, frontal dynamics, and vertical mixing (Lainela et al., 2024),

as well as by biological activity of pelagic (Uth et al., 2024) and benthic (Rohlfer et al., 2026) components. The Tvärminne

site is located in a transitional zone between CO2-rich inner estuaries and the typically CO2-depleted open Baltic Sea during330

summer, making it particularly sensitive to both physical and biological drivers (Asmala and Scheinin, 2024).

On seasonal timescales, the balance between biological production and respiration is the dominant control on pCO2 and

thus on CO2 flux (Gutiérrez-Loza et al., 2021). The minimum of pCO2 usually occurs during the spring phytoplankton bloom

and again in late summer during cyanobacterial blooms (BACC II Author Team, 2015). These patterns are consistent with our

observations at Tvärminne, where maximum CO2 uptake occurred in spring, followed by secondary uptake periods during335

summer.

The spring phytoplankton bloom is primarily driven by radiation and limited by nitrogen availability (Neumann et al., 2012).

The consistent timing of spring uptake over the three years observed in our data supports this mechanism. Similarly, benthic

uptake initiation has been shown to be radiation-controlled (Attard et al., 2019). Cyanobacterial blooms in late summer are
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temperature-dependent and limited by sulfur availability (Kahru et al., 2020), and are more sensitive to climatic and environ-340

mental variability than spring blooms (Beltran-Perez and Waniek, 2022). The observed variability in summertime fluxes at our

site is consistent with these findings and with reported variability in summer phytoplankton communities (Uth et al., 2024).

The observed diurnal changes in CO2 flux, including sign reversals, imply corresponding diurnal cycles in pCO2. Attard

et al. (2019) demonstrated that aquatic gross primary production exhibits diurnal variation, accompanied by sign changes in

O2 flux, indicating alternating CO2 super- and subsaturation. In Utö, Honkanen et al. (2021) observed diurnal pCO2 cycles345

from April to October, with maxima in the morning and minima in the afternoon. The largest diurnal amplitudes (∼100 ppm)

occurred in August. These cycles are primarily driven by biological activity (photosynthesis and respiration), although mixing

processes can occasionally dominate. Similar conclusions regarding the roles of air–sea exchange and advection have been

reported elsewhere in the Baltic Sea (e.g., Wesslander et al., 2011; Lansø et al., 2017). These dynamics are consistent with our

observed flux behaviour.350

In a recent study, Geilfus et al. (2026) confirmed that biological activity modifies pCO2 in the archipelago surrounding

our study site and that the magnitude of the modification is greater for sheltered and semi-sheltered locations. Apart from the

biological factors, the variability in surface water pCO2 was strongly associated with salinity gradients, suggesting that riverine

input is a major source of dissolved inorganic and organic carbon.

Our random forest model identified wind speed, day of year, and sea surface salinity as the most important predictors of CO2355

flux. Wind-driven turbulence is widely recognised as the dominant control on air–sea gas exchange (Upstill-Goddard, 2006)

and operates on the same temporal scale as flux variability. Salinity acts as a proxy for water mass characteristics, including

dissolved gas concentrations. For example, Humborg et al. (2019) and Geilfus et al. (2026) have showed that pCO2 in the

Tvärminne region closely follows salinity gradients. Despite the clear role of biological processes in driving flux variability

in shallow coastal waters, net shortwave radiation was not a major predictor in our model. This likely reflects lag effects:360

radiation influences the rate of change of pCO2 rather than its instantaneous value, and therefore does not peak simultaneously

with pCO2 or CO2 flux. Instead, the day-of-year variable effectively captures the seasonal cycle of ecosystem metabolism.

5 Conclusions

We report results from almost three years of eddy covariance measurements on the coast of the northern Baltic Sea. This

coastal site was found to be a source of CO2 into the atmosphere, similar in magnitude as two other long-term EC stations on365

the central or northern Baltic Sea. This result was obtained through gap-filling. In the annual patterns of the CO2 fluxes, we

identified three major features: a sink period in April–May, a variable sink and source period in June–September and a source

period in October–March. Mean diurnal flux patterns show a difference in day- and nighttime fluxes and a daytime sink of CO2

from April to August. Comparison with literature reveals a similar pattern of fluxes measured elsewhere around the Baltic Sea.

Overall, CO2 flux variability at Tvärminne arises from the interplay of physical transport processes, biological production and370

respiration, and air–sea exchange dynamics, operating across diel to seasonal timescales.
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