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Abstract. Oceans alleviate the accumulation of atmospheric
CO2 by absorbing approximately a quarter of all anthro-
pogenic emissions. In the deep oceans, carbon uptake is dom-
inated by aquatic phase chemistry, whereas in biologically
active coastal seas the marine ecosystem and biogeochem-
istry play an important role in the carbon uptake. Coastal
seas are hotspots of organic and inorganic matter transport
between the land and the oceans, and thus they are impor-
tant for the marine carbon cycling. In this study, we in-
vestigate the net air–sea CO2 exchange at the Utö Atmo-
spheric and Marine Research Station, located at the south-
ern edge of the Archipelago Sea within the Baltic Sea, us-
ing the data collected during 2017–2021. The air–sea fluxes
of CO2 were measured using the eddy covariance technique,
supported by the flux parameterization based on the pCO2
and wind speed measurements. During the spring–summer
months (April–August), the sea was gaining carbon dioxide
from the atmosphere, with the highest monthly sink fluxes
typically occurring in May, being −0.26 µmol m−2 s−1 on
average. The sea was releasing the CO2 to the atmosphere in
September–March, and the highest source fluxes were typ-
ically observed in September, being 0.42 µmol m−2 s−1 on
average. On an annual basis, the study region was found to
be a net source of atmospheric CO2, and on average, the an-
nual net exchange was 27.1 gC m−1 yr−1, which is compa-
rable to the exchange observed in the Gulf of Bothnia, the
Baltic Sea. The annual net air–sea CO2 exchanges varied be-
tween 18.2 (2018) and 39.1 gC m−1 yr−1 (2017). During the
coldest year, 2017, the spring–summer sink fluxes remained

low compared to the other years, as a result of relatively high
seawater pCO2 in summer, which never fell below 220 µatm
during that year. The spring–summer phytoplankton blooms
of 2017 were weak, possibly due to the cloudy summer and
deeply mixed surface layer, which restrained the photosyn-
thetic fixation of dissolved inorganic carbon in the surface
waters. The algal blooms in spring–summer 2018 and the
consequent pCO2 drawdown were strong, fueled by high
pre-spring nutrient concentrations. The systematic positive
annual CO2 balances suggest that our coastal study site is
affected by carbon flows originating from elsewhere, possi-
bly as organic carbon, which is remineralized and released
to the atmosphere as CO2. This coastal source of CO2 fueled
by the organic matter originating probably from land ecosys-
tems stresses the importance of understanding the carbon cy-
cling in the land–sea continuum.

1 Introduction

Carbon dioxide (CO2) is the key greenhouse gas driving
the global climate change and ocean acidification (Feely et
al., 2009). The CO2 exchange between the atmosphere and
land ecosystems has been extensively studied during the re-
cent decades (Baldocchi et al., 2001; Pastorello et al., 2020).
However, to fully understand the global carbon cycling, it
is crucial to recognize the role of the oceans, which absorb
26 % of the anthropogenic CO2 emissions (Friedlingstein et
al., 2022). Direct measurements of the atmospheric CO2 con-
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centrations and the terrestrial ecosystem fluxes have long tra-
ditions across the Earth (Keeling et al., 1976; Baldocchi et
al., 2001; Heiskanen et al., 2022), while the logistical and
technical challenges have hindered the measurements in the
oceans until the last few decades (Bakker et al., 2016; Sloyan
et al., 2019).

Approximately half of the net primary production in the
Earth takes place in the oceans (Field et al., 1998), which
cover 71 % of the Earth’s surface. Thus, they are globally
the largest ecosystem contributing to the global carbon bal-
ance. Solubility and biological pumps effectively transport
carbon to the deeper ocean (Volk and Hoffert, 1985). The
solubility pump is governed by the large-scale oceanic cir-
culation, which transports water masses to the polar regions,
where these water masses cool, absorb atmospheric CO2 due
to increased solubility, and sink into the deeper ocean. The
biological pump is related to the synthesis of organic carbon
in the surface waters and its export to the deeper ocean. On
average, the oceans are sinks of CO2, but the air–sea CO2 ex-
change is highly variable (Takahashi et al., 2002). In coastal
areas, a large amount of matter is transported between the
land, the oceans, and the atmosphere. Approximately 40 %
of the oceanic carbon sequestration through the biological
carbon pump occurs in the coastal seas (Muller-Karger et al.,
2005).

The CO2 exchange between the atmosphere and the sea
(Fas) is driven by the CO2 partial pressure (pCO2) differ-
ence between the sea and the atmosphere (sea–atmosphere),
and it can be expressed using the temperature–salinity-driven
solubility factor of the CO2 (K0) and the gas transfer velocity
(k):

Fas = kK01pCO2. (1)

Thus, the convention used here is the positive fluxes denoting
exchange from the sea to the atmosphere. Several processes
affect the efficiency of the gas transfer, such as microscale
wave breaking, turbulence, bubbles, sea spray, rain, waves,
and surface films (Garbe et al., 2014, p. 56). Typically the gas
transfer velocity has been parameterized using wind speed
(Wanninkhof, 1992; Wanninkhof et al., 2009; Wanninkhof,
2014).

The Baltic Sea is one of the biggest brackish water basins
in the world. This shallow sea, with a mean depth of 54 m,
has strong seasonality in temperature (approximately 0–
20 °C) and in primary production, being affected by large
terrestrial input of organic and inorganic carbon (Räike et
al., 2012). Eutrophication is one of the biggest environmental
concerns for the Baltic Sea (Andersen et al., 2017), resulting
in harmful algae blooms (Kahru and Elmgren, 2014; Kraft et
al., 2021) and oxygen depletion in deep waters (Carstensen
et al., 2014). In the Baltic Sea, the pCO2 in the seawater is
regulated by the interplay between biological, chemical, and
physical processes (Omstedt et al., 2009). The net CO2 bal-
ance for the whole Baltic Sea has been estimated to be close
to neutral (Kuliński et al., 2014; Ylöstalo et al., 2016), but the

estimates for its different basins show large variation. Typi-
cally, the southern parts of the Baltic Sea act as a sink of CO2
due to their strong primary production (Kuliński and Pemp-
kowiak, 2011; Kuss et al., 2006), whereas the northern part
has lower primary production and receives a large amount of
organic matter, which remineralizes into inorganic carbon,
making this area a source of CO2 (Algesten et al., 2006).

In addition to the spatial variability, the net air–sea ex-
change of CO2 at a given location in the Baltic Sea also ex-
periences large seasonal variability (Rutgersson et al., 2008)
and likely also interannual variability. Our understanding of
these variations is still incomplete, and understanding the
physical, biological, and chemical constraints on the Baltic
Sea carbon cycle requires sustained high-frequency measure-
ments. By using daily FerryBox pCO2 data, Schneider et al.
(2014) found the central Baltic Sea to act as a weak sink of
the atmospheric CO2, the annual exchange varying within
−7 to−11 gC m−2 yr−1. In contrast, Wesslander et al. (2010)
used long data series of monthly monitoring data of total al-
kalinity and pH to calculate the seawater pCO2 and the air–
sea CO2 fluxes and found the central Baltic Sea to mainly act
as a source of atmospheric CO2, the annual balance varying
from close to zero to up to almost 50 gC m−2 yr−1.

The calculation of the air–sea CO2 exchange is typically
based on the pCO2 data and wind-speed-dependent parame-
terization of the gas transfer velocity (Eq. 1). For the coastal
seas, direct high-frequency measurements are needed for the
reliable estimation of the net CO2 exchange at a given loca-
tion. For example, monthly cruises can be too infrequent to
detect the rapid variations of pCO2 in the Baltic Sea (Kuss
et al., 2006; Honkanen et al., 2021). Also, the calculation of
the seawater pCO2 from other carbonate system variables in-
troduces some uncertainty in the pCO2 estimate (Steinhoff,
2020). The eddy covariance (EC) technique provides means
for directly measuring the instantaneous fluxes of matter and
energy between the surface and the atmosphere. However,
long-term measurements are technically challenging in a ma-
rine environment, and the EC method has been applied only
at few locations in the Baltic Sea for measuring the air–sea
CO2 fluxes. Currently, continuous long-term air–sea CO2 EC
flux measurements only take place at Östergarnsholm (Rut-
gersson et al., 2008) and Utö (Honkanen et al., 2018).

The aim of this study was to determine the annual CO2
net exchange between the sea and the atmosphere and its
seasonal and interannual variability in the Archipelago Sea,
a part of the Baltic Sea. Time series of the EC flux data,
supported with parameterized gas transfer velocity and mea-
sured pCO2 gradient, gathered at Utö within 2017–2021
were used for the determination of the net exchange of CO2.
Physical and biological measurements provide background
to explain the reasons for seasonal and annual variations in
the flux data.
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2 Materials and methods

2.1 Study site

The Utö Atmospheric and Marine Research Station (Fig. 1) is
located at the outer edge of the Archipelago Sea of the Baltic
Sea (59°46′55′ N, 21°21′27′′ E). The Archipelago Sea is bor-
dered by the southwestern coast of Finland, the Åland Sea,
the Bothnian Sea, and the Baltic Proper. This area comprises
thousands of small islands and provides an important gate-
way for the water exchange between the Baltic Proper and
the Bothnian Sea (Miettunen et al., 2024). Utö is the south-
ernmost permanently inhabited island of Finland, with a few
dozen permanent inhabitants throughout the year. The veg-
etation on this small rocky island (0.8 km2) with few trees
is mainly bushes and shrubs (Kilkki et al., 2015), especially
on the western side of the island. Southwest of the island,
the sea quickly deepens to 80 m (Honkanen et al., 2018),
starting the open seas of the northern Baltic Proper. Gener-
ally, temperature in the surface waters at Utö varies within
0–18 °C (Laakso et al., 2018). Sea ice is observed at Utö ev-
ery few years (Jevrejeva et al., 2004; Laakso et al., 2018).
The surface salinity at Utö varies typically between 6–7 PSU
(Laakso et al., 2018). The flow patterns in the Archipelago
Sea contain large variations in time and space (Erkkilä and
Kalliola, 2004).

The island of Utö has a long history of measurements,
as the earliest meteorological and hydrographic observations
date back to 1881 and 1900, respectively (Laakso et al.,
2018). The Utö Atmospheric and Marine Research Station
is a comprehensive atmospheric and marine observing sys-
tem combining continuous long-term observations of the at-
mosphere, sea physical state, biogeochemistry, and marine
ecosystem dynamics. Recently, the site has been developed
also towards a marine radar and radio signal research super-
site (Rautiainen et al., 2023). The Utö station is run in co-
operation between the Finnish Meteorological Institute and
the Finnish Environment Institute, comprising a variety of re-
search facilities within and around the island of Utö. It is part
of the Joint European Research Infrastructure for Coastal Ob-
servatories (JERICO), the Finnish Marine Research Infras-
tructure (FINMARI), and recently the Aerosol, Clouds and
Trace Gases Research Infrastructure (ACTRIS). Also, there
is an Integrated Carbon Observing System (ICOS) atmo-
sphere station, measuring atmospheric carbon constituents,
on the island. The observing system used in the study is de-
scribed in the following subsections. In this study, we used
the 30 min averaged observations relevant for the air–sea
CO2 exchange during 2017–2021.

2.2 Flow-through system

Continuous observations of seawater properties are based
on a flow-through system, similar to those on many Ferry-
Box systems (Rantajärvi et al., 2003; Petersen et al., 2011),

with a large number of parameters measured (Fig. 2). A sub-
merged borehole pump (Grundfos SP3A-9N) is located ap-
proximately 250 m west of the island at the bottom of the sea,
at a depth of 23 m±0.5 m (Honkanen et al., 2021; Kraft et al.,
2021), next to an acoustic Doppler current profiler and a ther-
mistor chain. A sample water inlet system, equipped with a
thermistor-depth sensor, is floating above the pump at a depth
of 4.5 m±0.5 m. The flow of approximately 55 L min−1 is
led to a manifold, located at the marine station, which sup-
plies the water to different instruments for the analysis. The
residence time (on average 6 min) depends on the flow rate
and is taken into account in the measurement time. Sensors,
their flow caps, and tubes connecting them are automatically
cleaned once a day using detergent (Triton X-100), supple-
mented with a weekly to semiweekly manual cleaning of
sensors. The submersible pump and the underwater pressure
pipe are renewed annually.

Temperature and salinity were observed using a ther-
mosalinograph (SBE45 MicroTSG, Seabird Scientific) us-
ing a logging interval of 15 s, connected to the flow-through
system on the marine station. This measurement was sup-
ported by regular CTD (conductivity–temperature–depth)
sampling close to the sample water inlet. Also, a standalone
temperature–depth sensor (Star-Oddi Tilt and Compass), at-
tached directly to the inlet, measured the in situ tempera-
ture, logging data every 10–15 s. These additional observa-
tions were used for correcting the temperatures measured
with the thermosalinograph, which were affected by the heat
exchange between the seawater inside the pipe and the sur-
roundings of the pipe, depending on the temperature struc-
ture of the water column.

The partial pressure of carbon dioxide (pCO2) was mea-
sured using a SuperCO2 system (Sunburst Sensors) that
was connected to the flow-through system (Honkanen et al.,
2018). The CO2 of the sample water stream was equilibrated
with the sample air in a double shower-head equilibrator
chamber. This sample air was directed to a non-dispersive
infrared gas analyzer (LI-840A, LI-COR) for the detection
of CO2 molar fraction (logging 15 s), which was used for
the calculation of pCO2, following the guidelines of Dick-
son et al. (2007). The sample water may have exchanged the
heat with its surroundings during the transport, and thus the
pCO2 data were corrected for the temperature effect using
the T –pCO2 dependence given by Takahashi et al. (1993).

The drift error of the gas analyzer was compensated using
a correction function, which was based on the measurement
of four reference gases with differing CO2 molar fractions
(0, 234, 397, and 993 ppm CO2) every 4 h. These gases were
verified using a cavity ring-down spectroscopy analyzer (Pi-
carro G2401), which was calibrated against gases from the
National Oceanic and Atmospheric Administration (NOAA).

A similarly operating SuperCO2 system was tested in the
first ICOS Ocean Thematic Centre pCO2 instrument inter-
comparison workshop. The root mean square error between
the SuperCO2 and the reference setup was estimated to be
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Figure 1. Location, map, and scientific measurements of Utö, which include (1) the marine research station and the micrometeorological
flux tower next to it, (2) optical temperature fiber tower, (3) the Integrated Carbon Observing System (ICOS) atmosphere station, (4) X-
band radar, (5) atmosphere research station, (6) acoustic Doppler current profiler, (7) conductivity–temperature–depth vertical profiling,
(8) seawater thermistor chain, (9) Profiling buoy, and (10) submerged pump system.

4.4 µatm (data not published). The effect of the long inlet
tube on the pCO2 measurement at Utö was verified to be
small (approximately 4 µatm) by using several standalone
sensors placed in the inlet location and in a tank connected
to the manifold (Honkanen et al., 2021).

The flow-through system was offline during spring 2017
(24 March–31 March), early summer 2018 (1 May–2 July),
and summer 2020 (15 July–30 July) due to the pump failure,
in addition to the shorter maintenance periods. The infrared
source of the gas analyzer of the pCO2 system was malfunc-
tioning during spring 2020 (31 March–26 May).

Chlorophyll a was continuously measured with a WET-
Labs ECO FLNTU fluorometer (Sea-Bird Scientific), log-
ging data every 15 s, which was connected to the flow-
through system. During the study period, we took discrete
water samples for laboratory analysis of chlorophyll a, fol-
lowing sampling, extraction, and measurement protocols
given in HELCOM (2016). Chlorophyll-a fluorescence was
adjusted to represent chlorophyll-a concentrations (µg L−1)
using the linear relationship observed between fluorescence
intensity and measured concentrations (R2

= 0.76, n= 159).
Inorganic nutrients were analyzed from the bottle samples

collected from the flow-through system and frozen at−20 °C

until analysis. These samples were typically collected at least
monthly and during specific measurement campaigns multi-
ple times per a day. The nitrate, nitrite, phosphate, and sili-
cate concentrations were analyzed using a Lachat Quikchem
8000 flow injection analyzer (until October 2020) and a
Skalar SAN++ continuous flow analyzer (from October 2020
onward) following Grasshoff et al. (1999). In this study, we
were mainly concerned with oxidized forms of nitrogen (as
a sum of nitrate and nitrite, referred to in the text simply as
nitrate) and phosphate concentrations.

2.3 Sea–air CO2 flux

The exchange of CO2 between the sea and the atmosphere
was measured using the eddy covariance (EC) method, using
a 9 m tall micrometeorological flux tower, 12 m a.s.l. (meters
above sea level), on the western shore of the island. The setup
consists of a closed-path non-dispersive infrared gas ana-
lyzer (LI-7000, LI-COR), connected to a 30 cm long sample
air dryer (PD-100T-12-MKA, Perma Pure). The EC fluxes
were calculated for each 30 min period. The CO2 molar frac-
tions observed with the flux tower were regularly calibrated
with the zero (0 ppm CO2) and span (396 ppm CO2) refer-
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Figure 2. Structure of the flow-through system of the marine station. A submersible pump (a) transports sample water to the station (b),
where the manifold distributes the water to different sensors, such as the thermosalinograph, TSG (d). The flow rates (f) to the sensors are
controlled to be approximately constant. The flux tower (c) is found next to the marine station. TD denotes a standalone temperature–depth
sensor, attached to the inlet. CDOM stands for colored dissolved organic matter, and O2 stands for dissolved oxygen.

ence gases, in addition to the atmospheric ICOS observations
at Utö (Kilkki et al., 2015). The measured EC fluxes were
corrected for the flux loss occurring in the system, which
mostly originates from the attenuation of CO2 molar frac-
tion fluctuations in the tubing. For this purpose, a cospec-
trum between the vertical wind speed and CO2 molar frac-
tions was compared with the cospectrum between the vertical
wind speed and the (sonic) temperature, in order to produce
a frequency-dependent transfer function. More information
about this method is given in Honkanen et al. (2018).

The EC method was supported by flux gap filling for those
periods, when reliable EC data were not available due to flux
footprint originating from the island (outside of the 190–
350° wind sector), non-stationary flux conditions, or CO2
molar fraction disturbance by ships passing the flux foot-
print area. The EC data were considered appropriate 26 % of
the time, and the remaining periods were gap-filled as de-
scribed below. Approximately 60 % of the time, the wind
at Utö blows from an appropriate direction suitable for the
air–sea exchange measurements (Honkanen et al., 2018).
Thus, the reminder of the data removal is caused by the non-
stationarity, ship interference, or instrument maintenance or
malfunctions. Based on the categorization by Rutgersson et

al. (2020), the wind sector 180–260° represents an open-sea
footprint area, while the wave field of the sector 260–350°
may be disturbed slightly by distant islands (Honkanen et al.,
2018). The EC fluxes during non-stationary conditions were
discarded if the 30 min flux differed more than 60 % from the
mean of the corresponding 5 min fluxes. Since there exists a
seaway within the flux footprint area, we applied an empiri-
cal variance restriction for the EC data to avoid interference
from ship traffic. We did not use the EC data if the variance
of the CO2 molar fractions exceeded 0.50 ppm2 during the
flux calculation period.

A flux parameterization based on wind speed and pCO2
measurement was used for the gap filling of the EC data dur-
ing the periods when the EC fluxes were not available due
to strict quality control. The gas transfer velocity was pa-
rameterized using a combination of a linear and quadratic
relationship of 10 m potential wind speed, U10, which was
measured at the weather station on the island, instead of us-
ing solely quadratic fits, which are commonly used (Wan-
ninkhof, 1992, 2014). The relationship used for the normal-
ized gas transfer velocity, k660 (the k which is corrected to
the Schmidt number in 20 °C and 35 PSU), in this paper
k660 = 0.161U10+ 0.12U2

10 was determined for Utö based
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on the data from 2017–2021, by fitting the function to the
2 m s−1 wind speed median bins. This parameterization is
site-specific, due to for instance the wind fetch and the bot-
tom geometry, and slightly differs from the one given for
the open-ocean conditions, k660 = 0.251U2

10 (Wanninkhof,
2014). The effects of our choice on the budgets and other
information on the flux measurements are given in Ap-
pendix A.

To fill in the measurement gaps in pCO2 and in the air–
sea CO2 flux data, we reconstructed the pCO2 time series
during the gaps using the flux equation (Eq. 1) inversely,
i.e., based on the directly measured eddy covariance fluxes
and the wind-speed parameterization of gas transfer veloc-
ity. As this method may produce artificial scatter, these re-
constructed pCO2 values were averaged with a 7 d running
arithmetic mean filter. The pCO2 data were available 85 % of
time, and thus the reconstructed and interpolated data were
used 15 % of the time.

2.4 Other measurements

Vertical structure of the water column was assessed using
the RBR XR-620 CTD (conductivity–temperature–density)
castings from a small boat northwest of Utö, where the water
depth reaches 90 m. These measurements were done approx-
imately every 10 d during summer and less frequently in win-
ter. The depth of the strongest temperature gradient (thermo-
cline) was determined from each cast used for the interpreta-
tion of the mixed-layer depth. If the highest density gradient
was less than 0.1 °C m−1, the water column was considered
to be fully mixed.

Meteorological observations, including wind speed and di-
rection and air temperature, were measured at Utö’s atmo-
sphere research station, located in the eastern part of the is-
land. The wind measurement took place at approximately
25 m a.s.l. on relatively flat rock and bush terrain. In this
study, 10 m potential wind speeds, calculated assuming the
logarithmic wind profile, were used (Aaltonen, 2021). The
solar irradiation was measured using a pyranometer (Delta-T
SPN1) placed on the roof of a hotel in the northern part of
the island, next to the ICOS atmosphere station.

3 Results

3.1 Solar irradiation

Solar irradiation is governed by the annual cycle and the
cloudiness. Generally, solar irradiance increased from almost
negligible in January to a maximum in June, with a solar ir-
radiance monthly sum of ca. 0.7 GJ m−2 (Fig. 3). The annual
solar irradiance sums of 2017 and 2018 were low, 3.54 and
3.69 GJ m−2, respectively, compared to the other measured
years with 3.86–4.08 GJ m−2. Especially in spring–summer
of 2017 and 2018, solar irradiation was low compared to
other years, with the exception of May 2018. The spring and

Figure 3. (a) Monthly sums of the global solar irradiation at Utö
during 2017–2021 and (b) daily averages of the seawater temper-
ature at a depth of approximately 4.5 m at Utö for the years 2017–
2021. The solid line shows the inlet temperature measured using the
standalone sensor attached to the inlet for May 2019–May 2021; for
other times, the solid line is a thermosalinograph temperature that
is shift-corrected based on the CTD measurements at 4–5 m depth.
The interpolated values are indicated by the dashed lines. The CTD
temperatures for the depth 4–5 m are the indicated by large dots.

summer months had plenty of light in 2019–2021, except for
May and August 2021.

3.2 Sea surface temperature

At Utö, the seawater temperature at approximately 4.5 m
depth followed the annual cycle of solar irradiance (Fig. 3),
with a delay. The temperature minima, on average 1.3 °C,
occurred in February–March, whereas the temperature max-
ima, on average 19.7 °C, were reached in July–August. Typ-
ically around September, the water column got fully mixed,
with a rapid cooling of surface water.
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During the study period, the coolest summer (June–
August) surface layer was observed in 2017, when the an-
nual maximum temperature reached only 18.4 °C in late July.
The temperature remained up to approximately 2 °C below
the 5-year average for most of the year, with the exception
of September–October 2017, when the cooling was slightly
lower than for other years.

The year 2018 was the warmest of those studied, in terms
of the summer peak temperatures. The early spring (March–
April) of 2018 was, however, still relatively cold, and there
was occasional on–off sea ice in March, with highly variable
ice coverage. In July, the sea heated quickly from a relatively
low temperature, 13 °C, to the highest temperature observed
during the study period, 25 °C. The sea cooled quickly in
September 2018, and the surface temperature in October was
2 °C below the average.

The temperature of the surface layer in 2019 followed
the 5-year average closely. Throughout the year 2019, the
monthly seawater temperatures differed less than 1 °C from
the average. The annual minimum of 1.5 °C was observed in
early March and the maximum of 21.3 °C in late July.

The year 2020 started particularly warm, the surface sea-
water remaining above 2.9 °C throughout January–March
2020. The summer of 2020 was characterized by several
strong and quick temperature fluctuations. A quick early in-
crease in temperature to 20.3 °C was observed in June 2020,
but soon the temperature quickly fell to 13.6 °C. The annual
maximum of 20.6 °C was observed relatively late, in late Au-
gust.

In February 2021, there was varying thin on–off sea ice
for 2 weeks. The year 2021 had the second warmest sum-
mer, and the temperature increased up to 23.5 °C in mid-July.
This maximum took place half a month earlier than the one
in 2018. After late summer 2021, the sea surface remained
mostly colder than the 5-year average.

3.3 Temperature vertical profile

The thermocline, which was determined from semi-regular
CTD casts, is used here to represent the depth of the mix-
ing surface layer, which is separated from the underlying
deep water. Typically, a distinct thermocline started to de-
velop in the spring as a result of increased solar irradiance
(Fig. 4), which heated the surface waters. Typically, a very
shallow (2–5 m) and short-term mixed layer formed in May.
The infrequent CTD casts do not reveal the exact duration
of such shallow layers. Most likely, mixed-layer depths shal-
lower than 5 m lasted only a short period of time, as these
were not observed in two subsequent CTD casts, which were
done in summer approximately every 10 d. In May 2018 and
May 2021, strong temperature gradients of old winter lay-
ers were observed, at 37 and 57 m, respectively. The sur-
face layers gradually deepened due to the wind-induced mix-
ing as the summer progressed, and the mixed layer typically
reached depths of 15–20 m. The summer thermocline of 2020

stayed relatively shallow from the late spring to late summer
(May–August), and it never reached below 20 m, whereas the
summer thermocline depth of 2017 peaked at 35 m in the
beginning of June and at 32 m in the beginning of July. In
2017, the mixed surface layer reached 50–80 m already in
September–October, in contrast to other years, and thus rela-
tively warm waters, approximately 12 °C, reached such deep
layers. Eventually, the overturning due to the water reaching
the maximum density temperature caused the water column
to be fully mixed in early winter.

3.4 Salinity

Salinity is a good indicator of the change of water masses;
for instance in the pelagic conditions of the Baltic Sea, salin-
ity correlates well with total alkalinity (Müller et al., 2016).
In the coastal regions, salinity shifts may indicate riverine
impact and upwelling. The salinity (measured at a depth of
approximately 4.5 m) at Utö typically reached its minimum
in late summer, 6.1 on average (Fig. 5). After that, salinity
steadily increased to the maximum met at the turn of the
year, 6.8 on average. In late winter or early spring of some
of the years, the salinity showed large interannual variations,
and relatively large drops were observed in February 2021, as
salinity fell to 5.2, and in March 2018 to 5.7. Large drops in
salinity indicate freshwater intrusion. As they seem to occur
during late winter or early spring, they are possibly a result
of melting snow or ice.

3.5 Chlorophyll-a fluorescence

The phytoplankton biomass at Utö, inferred from the
chlorophyll-a (Chl-a) fluorescence data validated with lab-
oratory measurements, showed seasonal variability with a
range from 0.5 to 10 µg L−1 (Fig. 6). Spring bloom formed
in April, due to increased irradiance levels and water column
stratification and being fueled by inorganic nutrients accu-
mulated during winter. In 2017 spring bloom peaked very
early, before mid-April, although we had some gaps in mea-
surements. The spring bloom of 2018 stands out from the 5-
year average: the Chl-a fluorescence of April 2018 was twice
as high as the 5-year average for April. The spring bloom in
2020 was very weak and delayed until May. Spring blooms
typically declined in May, with the exception of 2019, which
showed a secondary peak of Chl-a after mid-May. Additional
summer blooms were seen in July–August. The algal dynam-
ics are controlled by multiple factors, such as solar irradi-
ation, wind, and temperature; for example, calm and warm
weather favors cyanobacterial growth (Kraft et al., 2021).

3.6 Nutrient concentrations

The seasonal dynamics of nutrient concentrations were con-
trolled by the production, remineralization, and mixing. The
levels of nitrate and phosphate at a depth of 4.5 m reached
their annual maxima in February–March, before the spring
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Figure 4. Temperature vertical profiles (colors) and the thermocline depths (white dots) at Utö for the years 2017–2021, derived from the
conductivity–temperature–depth casts.

Figure 5. Salinity in the practical salinity units (PSU) at a depth of
approximately 4.5 m Utö during 2017–2021. The interpolated val-
ues are depicted as a dotted line.

bloom (Fig. 7). For both of these inorganic nutrients, the
highest pre-spring levels were observed in 2018 and 2021,
approximately 8–10 µmol L−1 for nitrate, while the pre-
spring nutrient levels for the year 2020 were low, less than
6 µmol L−1 for nitrate, compared to the 5-year average. The
pre-spring nutrient data for Utö in the year 2017 were not
available. However, based on the early April 2017 data, the
nutrient inventories had been depleted earlier than in other
years.

The nitrate levels at Utö reached a minimum
(0.5 µmol L−1) in May and predominantly stayed this
low until September. However, the nitrate levels in 2020
increased to 1.7 µmol L−1 in June–July. In autumn, all years
showed a similar increase in the nitrate.

Figure 6. Daily means of the chlorophyll-a concentrations at a
depth of approximately 4.5 m at Utö for the years 2017–2021.

Similarly to nitrate, the phosphate concentrations in
July 2020 deviated from other years as the monthly aver-
age increased to 0.5 µmol L−1. The phosphate levels reached
their minima in August with the monthly average of
0.2 µmol L−1. The lowest concentrations were observed dur-
ing July–August 2021. In autumn, the phosphate inventories
filled up.

3.7 Wind speed

Wind is an important factor enhancing the turbulence in
the air–sea interface, and thus it plays an important role
in the deepening of the surface layer and in the gas trans-
fer between the sea and the atmosphere. The highest wind
speeds occurred during the wintertime, October–February,
monthly averages being 8.0 m s−1, and the lowest monthly
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Figure 7. Daily averages for each year and 5-year monthly averages, connected with lines of interpolation, of (a) the nitrate concentration
and (b) the phosphate concentration at a depth of approximately 4.5 m at Utö for the years 2017–2021.

Figure 8. Monthly means and standard deviations of the 10 m wind
speed at Utö for the years 2017–2021. Values for different years are
shifted horizontally in order to increase the visibility of the different
standard deviations.

wind speeds, on average 5.3 m s−1, took place in summer,
May–June. The late winter of 2019–2020 was relatively
windy, as the monthly averages for January and February
were 9.6 m s−1. The lowest monthly mean of wind speed
(4.5 m s−1) was observed in May 2021. As the gas transfer
velocity has typically been parameterized using a quadratic
relation of wind speed (Wanninkhof, 2014), small changes
from the 5-year average may prove to be important for en-
hancing or suppressing the air–sea CO2 flux. For instance,
calm weather in late 2019 likely restricted the release of CO2
to the atmosphere.

3.8 CO2 partial pressure

The partial pressure of CO2 in the seawater (Fig. 9) generally
followed the annual cycle primarily governed by the photo-
synthetic carbon fixation. In spring, when the solar irradiance
increased and water column started to be stratified, increased
phytoplankton production transformed the inorganic carbon
into organic carbon, resulting in a drawdown of the pCO2.
On average, the pCO2 reached a minimum of 210 µatm in
late April. The spring bloom was typically terminated by
the depletion of inorganic nitrogen (Fig. 7). In 2017, pCO2
drawdown started approximately a week earlier than in other
years, and also the peak of spring bloom took place earlier.
The lowest spring pCO2 was observed in 2018 and 2019,
concomitantly with the most intense spring blooms.

The pCO2 generally increased from late April (210 µatm)
to early July (340 µatm), after which it experienced another
drawdown to 220 µatm. This late-summer drawdown showed
some temporal variation, taking place from late June to late
July. The lowest half-hourly pCO2 value (58 µatm) recorded
during 2017–2021 occurred in mid-July 2021. During the
summer months of 2017, the daily averages of pCO2 re-
mained relatively high compared to other years, not falling
below 220 µatm.

In late summer, from August onwards, the solar irradi-
ance started to diminish, decreasing the photosynthesis rate,
and the respiration of organic matter started to prevail, which
was observed as increasing pCO2. This effect was enhanced
by the breakdown of the stratification of the water column.
In August–September, pCO2 generally increased almost lin-
early to 630 µatm, where the annual maxima were met. In
September 2019, pCO2 reached the highest recorded pCO2
during the study period, 877 µatm (half-hourly value). After
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Figure 9. (a) Daily means of the CO2 partial pressure in the seawater at a depth of 4.5 m at Utö in 2017–2021. (b) Monthly average
CO2 air–sea fluxes: the 5-year average fluxes constructed using both eddy covariance and parameterization (black), the 5-year average eddy
covariance fluxes (gray), and the fluxes for different years using both eddy covariance and parameterization (other colors). The error estimates
are explained in the Appendix.

this, pCO2 decreased slowly until the spring, approaching
the atmospheric CO2 partial pressure.

3.9 Air–sea CO2 flux

The CO2 fluxes between the sea and the atmosphere at
Utö (Fig. 9) followed an annual cycle governed by the
pCO2. During the spring–summer (approximately April–
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Table 1. The CO2 balance calculated using the gap filling with the
best fit of the gas transfer velocity, the balance using the parameter-
ization by Wanninkhof (2014), sum of the sink fluxes, sum of the
source fluxes, and the uncertainty of the annual air–sea CO2 flux at
Utö in 2017–2021. The positive values indicate annual CO2 emis-
sions. The unit of the values is gC m−2 yr−1.

Year CO2 CO2 Sink Source Uncer-
balance, balance, tainty
best fit Wanninkhof

(2014)

2017 39.1 37.2 −21.4 60.4 17.9
2018 18.2 19.9 −30.6 48.8 7.9
2019 23.2 22.3 −37.2 60.5 10.1
2020 28.2 27.2 −25.8 54.0 11.3
2021 26.5 26.2 −27.4 53.9 13.7

August) when the seawater pCO2 was below the atmo-
spheric partial pressure of CO2, the sea was a sink of atmo-
spheric carbon dioxide. The sea was a source of CO2 dur-
ing the time between autumn and spring. The highest av-
erage negative (from the atmosphere to the sea) monthly
flux (−0.3 µmol m−2 s−1) occurred in May, which coin-
cided with the lowest average monthly pCO2. In May–
July 2017, the monthly fluxes remained clearly below the
corresponding 5-year averages. The highest positive fluxes
(0.4 µmol m−2 s−1) occurred in October, which was also the
month with the highest pCO2 values. In winter, the wind
speeds were typically higher than in summer, enhancing the
gas transfer. As the CO2 partial pressure difference between
the sea and the atmosphere decreased in winter, the air–sea
CO2 flux decreased simultaneously, slowing the pCO2 de-
crease. Most (95 %) of the instantaneous half-hourly air–sea
CO2 fluxes were within −0.56–0.85 µmol m−2 s−1.

Based on the air–sea CO2 flux data collected within
2017–2021 at Utö, the sea was a source of carbon diox-
ide (Table 1). On average, 27.1 g of carbon was released
for each square meter annually. The highest net source
strength (39.2 gC m−2 yr−1) was observed in 2017, whereas
the following year, 2018, showed the lowest emission
(18.2 gC m−2 yr−1).

The cumulative sums of the air–sea flux CO2 in 2018 were
low throughout the year, compared to the 5-year average
(Fig. 10). The initial pCO2 in January 2018 was low, gen-
erating only small sea-to-air fluxes in the beginning of the
year. The spring bloom in 2018 was strong, which made the
cumulative sum of the air–sea CO2 flux stay low over the
summer. The increase of the monthly flux sums in the latter
half of the year was relatively ordinary.

For the year 2017, the high initial pCO2 in January caused
the year to start with a high cumulative CO2 emission. The
bloom was weak, and the pCO2 stayed relatively high for
the summer, causing the cumulative sum to rise above the
average sum. Based on the monthly sum slopes, the release

of CO2 was ordinary during September–December. The dif-
ference to the average had already occurred before autumn–
winter, and it remained this way for the rest of the year.
Interestingly, the cumulative sums in Septembers 2017 and
2020 were similar, but the CO2 release within October–
December 2020 was low.

The annual air–sea CO2 flux budgets calculated for the
calendar year (1 January–31 December) are affected by the
impact of the previous year or how quickly the sea re-
leases CO2 to the atmosphere in autumn. For this reason,
it would be more scientifically relevant to study the sink
and source seasons separately. For this purpose, we calcu-
lated the sum of the air–sea CO2 sink (negative) fluxes for
each year (Table 1). The average annual sum of sink CO2
fluxes was −28.5 gC m−2 yr−1, with a standard deviation of
5.9 gC m−2 yr−1 and a coefficient of variation of 21 % (stan-
dard deviation divided by the average). The average sum of
source (positive) fluxes was 55.5 gC m−2 yr−1, and the stan-
dard deviation of it was 5.0 gC m−2 yr−1 or 9 %. The coeffi-
cient of variation suggests that the summer CO2 sink fluxes
vary relatively more than the annual source fluxes.

4 Discussion

4.1 Net air–sea CO2 exchange

The marine ecosystem at Utö acted as a net source of at-
mospheric carbon dioxide, on an annual basis in 2017–2021.
The average air–sea exchange of CO2 to the atmosphere at
Utö was 27.1 gC m−2 yr−1, which is comparable to the CO2
balance measured in pelagic conditions in the Gulf of Both-
nia (Algesten et al., 2006). Also, the pCO2 variation at Utö,
approximately 200–600 µatm, is similar to the one observed
in the Gulf of Bothnia (Algesten et al., 2004). In the Baltic
Proper, for comparison, the pCO2 maximum in autumn–
winter is lower, approximately 500 µatm (Schneider et al.,
2014). Being approximately 80 km from the mainland, the
marine ecosystem at Utö is coastal, but it still differs clearly
from the European estuaries where pCO2 can peak up to al-
most 10 000 µatm, and instantaneous fluxes range within 1–
9 µmol m−2 s−1 (Frankignoulle et al., 1998).

The net flux of CO2 to the atmosphere suggests that
the sea surface system receives carbon (organic or inor-
ganic) from elsewhere (Cole et al., 1994). Organic carbon
originates primarily from photosynthesis, either locally (au-
tochthonous) or imported from elsewhere (allochthonous).
Microbial degradation and sun-induced photodegradation of
organic carbon remineralize carbon and nutrients in the sea-
water into inorganic forms. Terrestrial–aquatic continuum
systems are typically strong CO2 sources due to the net het-
erotrophy (respiration overweighing the production), stimu-
lated by the high river inputs (Borges et al., 2005). For in-
stance, the Gulf of Bothnia is a net source of CO2 to the
atmosphere due to the low productivity and high input of ter-
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Figure 10. Cumulative sum of the monthly means, starting from 1 January, of the air–sea CO2 fluxes at Utö for the years 2017–2021.

restrial organic matter (Algesten et al., 2006; Kuliński and
Pempkowiak, 2011).

Phytoplankton blooms dictate the quantity of inorganic
carbon fixation (pCO2 drawdown). A part of this biologi-
cally fixed carbon is respired and mixed back to the sea sur-
face system eventually, and another part is removed from the
short-term carbon cycle due to, for example, sedimentation,
refractory compounds, or grazing. Mixing events bring CO2-
rich water back to the surface layer. Such an upwelling event
probably occurred in July 2020, when simultaneous drops in
surface layer temperature, nutrient concentrations, and Chl-a
concentration and increases in salinity and the pCO2 were
observed. The annual overturning of the water column plays
an important factor in bringing the carbon to the surface, to
be released to the atmosphere. Similar effects can be gener-
ated by the wind-induced upwelling events, which can oc-
casionally occur in the outer archipelago (Lehmann et al.,
2012). In winter, the pCO2 is mainly governed by the out-
gassing of the inorganic carbon into the atmosphere, as it
slowly approaches the atmospheric pCO2. The carbon bal-
ance of the system is also governed by advection and at-
mospheric deposition. The advection can depend on, for ex-
ample, current patterns and river dynamics. The atmospheric
deposition of carbon constitutes carbon entering the system
by precipitation (wet deposition) and from atmospheric par-
ticles (dry deposition). Undoubtedly, the magnitude of many
of these carbon flows remains unknown, without a large set
of multidisciplinary measurements.

The possible advection of carbon to the sea surface system
at Utö might explain some differences between the observed
pCO2 variation and the pCO2 variation calculated from the
oxygen using the Redfield ratios in the study of Honkanen

et al. (2021), especially concerning the seasonal variability.
Southward water transport in the Archipelago Sea is typically
largest in spring–summer (Miettunen et al., 2024), bringing
riverine water to Utö, which could increase the observed
pCO2 compared to the pCO2 calculated from the oxygen
changes assuming Redfield ratios between the carbon and
oxygen.

4.2 Interannual variability of the net air–sea CO2
exchange

The annual net air–sea CO2 exchanges at Utö in 2017–
2021 varied within 18.2–39.1 gC m−2 yr−1. The inaccura-
cies for the annual air–sea CO2 exchanges were within 7.9–
17.9 gC m−2 yr−1, indicating an inaccuracy range of approx-
imately 40 % of the total exchange, and thus the positive net
exchanges for all years are certain. The inaccuracy arises
mostly from the gas transfer velocity parameterization (Ap-
pendix A). The magnitude of this interannual variability is
higher than the one observed in the pelagic conditions in
the Baltic Proper, −7 to −11 gC m−2 yr−1 (Schneider et al.,
2014). The 2 years differing the most from the mean of this
period (2017 and 2018) are discussed here in detail. In par-
ticular, the summers of these 2 years exhibited notable dif-
ferences in the pCO2 and air–sea CO2 flux dynamics.

The highest annual balance of CO2 (39.1 gC m−2 yr−1) oc-
curred in 2017. The pCO2 in 2017 fell relatively early, al-
ready in late March. The nitrate concentration was depleted
already in April, and there were no more nutrients to fuel fur-
ther the spring bloom. The algal biomass quickly decreased
from April to May. In comparison with other years, the sea-
water pCO2 in summer 2017 remained unusually high and
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values nearly exclusively above the multi-year mean. There-
fore, the pCO2 gradient between the sea and atmosphere re-
mained low over the summer, and the sink fluxes were ac-
cordingly weaker than other years. The summer of 2017 was
also the coolest of the 5 study years. The conditions did
not favor phytoplankton production due to a relatively low
amount of sunlight, low number of nutrients, and the occa-
sionally deep mixing depth. The thermocline depth was deep
in the late summer of 2017, affecting the surface tempera-
tures. This mixing of CO2-rich water to the surface may have
diluted the drawdown of pCO2 at the surface, thus lessen-
ing the negative fluxes in summer. The source fluxes in early
winter 2017 were high, even though the pCO2 gradient was
ordinary or even small, compared to other years, but these
months were very windy, which increased the gas transfer
velocity. For this reason, we believe the sea was able to re-
lease more carbon dioxide to the atmosphere before the end
of the year.

The year 2018 had the lowest net CO2 source observed
at Utö in 2017–2021. In 2018, the spring bloom, observed
from Chl-a fluorescence, was high compared to other years,
quickly reducing pCO2 in April. In addition to the expres-
sive spring bloom, 2018 also had the warmest summer, with
the surface temperature reaching up to 25.0 °C. Temperature
directly affects the dissociation and solubility of CO2, but
the warm and calm surface water conditions also support
cyanobacterial bloom. Actually, in summer 2018, an intense
cyanobacteria bloom was observed from mid-July until end
of July (Kraft et al., 2021). This was partly seen in Chl-a flu-
orescence as well, although that method is not well suited for
cyanobacteria observations.

Wesslander et al. (2010) found that the interannual vari-
ability of the summer pCO2 in the central Baltic Sea and the
Kattegat are governed by the maximum phosphate concentra-
tions. The highest annual sum of the sink air–sea CO2 fluxes
was observed in 2019, and this year had an average concen-
tration of pre-spring nutrients. Thus, the nutrients alone do
not predict the whole interannual variation of air–sea CO2
exchange at Utö. However, the nutrient levels in connection
with other environmental conditions play an important role
governing the spring–summer blooms. Low saline conditions
at Utö in February 2021 and March 2018 may be indica-
tive of intrusion of riverine water masses, inputting the nu-
trient inventories. The pre-spring nitrate and phosphate lev-
els were high in both 2018 and 2021. The spring bloom of
2021 was ordinary at most, in terms of pCO2, possibly due
to the low solar irradiation levels in May 2021. However, the
late-summer bloom in July 2021 generated record-low pCO2
and phosphate levels. The late-summer increase of phyto-
plankton was possibly related to the blooms of cyanobac-
teria, which had been observed at Utö using imaging flow
cytometry (Kraft et al., 2022).

The initial pCO2 in January had some impact on the an-
nual air–sea CO2 exchange as seen in the difference between
Januaries of 2017 and 2021. On average, the pCO2 was ap-

proximately 500 µatm in the beginning of the year. The year
2017 started with a very high pCO2 (600 µatm), which partly
caused the CO2 fluxes to be higher during January than for
the other years.

If the inorganic carbon system at Utö is driven by the or-
ganic carbon input entering the system, we should see a dif-
ference in the annual air–sea CO2 fluxes depending on the
dissolved organic carbon concentrations and possibly even
on the riverine fluxes of organic matter. Based on the model
results by Miettunen et al. (2024), during the first half of
the year 2017, the water masses advected southwards in the
Archipelago Sea, possibly bringing organic-rich waters to
our study area. Additional measurements directing to organic
carbon are required to understand these diverse carbon flows.

4.3 Importance of the CO2 emissions in coastal
ecosystems

The coastal seas are vulnerable ecosystems, highly impacted
by human actions and climate change. These areas provide
humans with multiple ecosystem services, ranging from fish-
eries to carbon sequestration. River discharges into the Baltic
Sea are expected to increase with increasing precipitation,
which would generate an increased inflow of organic matter
(Asmala et al., 2019).

This study demonstrates the importance of multidisci-
plinary studies combining atmospheric, marine, and ecosys-
tem research with continuous long-term observations. The
results present the annual carbon balance between the sea
ecosystem and the atmosphere in a coastal sea region, where
the biogeochemical processes dominate the annual cycle, in
contrast with the open oceans, where the main factor impact-
ing the carbon balance is temperature. Coastal environments,
such as marginal seas, upwelling systems, and estuaries, ex-
hibit one of the largest flows of oceanic carbon and nutrients
(Borges et al., 2005).

As the carbon uptake by the marine ecosystem forms the
base of marine ecosystem food chain and the ecosystem di-
versity is largest in coastal areas, these kinds of observations
are necessary both for climate change and global biodiver-
sity change studies. These results showing the CO2 emissions
raise questions on the further need of drainage basin man-
agement, as the organic matter fluxes in the land–sea contin-
uum affect the carbon balance of the sea. The carbon balance
of the terrestrial ecosystems is currently included in the na-
tional legislation, while the role of the marine ecosystems is
omitted, even though the management of the marine ecosys-
tems has been recognized as a way to mitigate climate change
(Hilmi et al., 2021). Certainly, the carbon flows between the
land and oceanic ecosystems require more scientific and pub-
lic attention.
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5 Conclusions

We analyzed the 5-year (2017–2021) data set of the air–sea
CO2 flux measurements made at the Utö Atmospheric and
Marine Research Station. The sea area around the island of
Utö was found to act as a net source of CO2 with an aver-
age annual net air–sea CO2 exchange of 27.1 gC m−2 yr−1.
The annual exchange varied between 18.2 in 2018 and
39.2 gC m−2 yr−1 in 2017. Emission of CO2 indicates that
the marine system at Utö respires carbon that originated else-
where, and this possible carbon advection likely involves
interannual variability, depending on many meteorological,
oceanic, and anthropogenic factors.

The air–sea CO2 exchange at Utö underwent a large bio-
logically driven seasonal cycle each year, with a CO2 sink in
spring–summer and a source in autumn–winter. The interan-
nual variability in the pCO2 was greatest in summer, which
suggests that the summer pCO2 level had a significant ef-
fect on the interannual variability of the net air–sea CO2 ex-
change. The strength of the algal blooms contributed to the
magnitude of the pCO2 drawdown in spring and summer.
High pre-spring nutrient concentrations favored the strong
bloom during the warm summer of 2018 and thus generated
a strong pCO2 drawdown. During the cloudy and cold sum-
mer 2017, the pCO2 stayed relatively high compared to the
other summers studied.

Typically the calculation of the net air–sea CO2 exchange
is based on a calendar year, which may be impacted by the
initial pCO2 level at the start of each year. If the autumn
of the previous year had a low exchange of carbon with the
atmosphere, due to the low wind speeds, the inorganic carbon
inventories remained relatively high at the turn of the year. As
the exchange is directly proportional to the pCO2 gradient,
this increases the fluxes in the beginning of the year.

The net exchange of CO2 between the atmosphere and the
sea at Utö is likely governed by the interplay between the ad-
vection, biological processes, and sedimentation. The advec-
tion replenishes the carbon inventories, while production and
sedimentation consume inorganic carbon. Thus, the interan-
nual variability should originate from the yearly variability
of these processes. The sustained multidisciplinary research
made at Utö can pinpoint the effect of these different carbon
flows on the air–sea CO2 exchange in the future.

Appendix A: Uncertainty of the parameterized air–sea
CO2 fluxes

Both the direct measurements of CO2 flux by EC and the
flux calculation based on the measured pCO2 gradient and
wind speed introduce uncertainty in the net CO2 exchange
estimates.

The EC method measures directly the CO2 exchange be-
tween the surface and the lower atmosphere within a given
flux footprint area. The sink–source strength of the surface

equals the vertical EC flux measured above the surface on a
flat and homogeneous terrain under steady-state conditions.
The relative nonstationarity (RN), introduced in Sect. 2.3,
is an important variable for analyzing the fulfillment of the
steady-state assumption (Honkanen et al., 2018). Here, we
used a relaxed RN threshold (60 %). We calculated the root
mean square error, RMSE, between the measured and pa-
rameterized fluxes for different RN thresholds and found out
that the RMSE decreases sharply when RN is tightened from
100 % (0.45 µmol m−2 s−1) to 60 % (0.35 µmol m−2 s−1), but
it remains stable below this threshold: at RN = 10%, RMSE
= 0.33 µmol m−2 s−1.

The parameterized air–sea CO2 flux relies on the measure-
ment of the CO2 gradient at the sea–atmosphere interphase,
calculation of CO2 solubility, and the parameterization of the
gas transfer velocity, which relates to the intensity of the tur-
bulence at this interphase (Eq. 1).

The measurement of the CO2 gradient is a technical chal-
lenge. The pumps used for the sample water intake must typ-
ically always be wet, and thus the sample water inlet can-
not be placed directly at the water surface. Temperature and
pCO2 gradients between the inlet depth and the water surface
can generate an error on the estimate of the air–sea CO2 gra-
dient, especially during summertime, when a shallow ther-
mocline develops. As these layers shallower than the water
inlet are relatively short-term, their effect is not dealt with
here. An assessment of the overall effect of pCO2 gradients
would require vertical pCO2 measurements within the mixed
surface layer.

Sea ice, as a physical barrier separating the sea from the at-
mosphere, can generate differences between the actual fluxes
and parameterized air–sea CO2 fluxes. We observed sea ice
at Utö only occasionally in March, when the pCO2 differ-
ence between the sea and the atmosphere, and thus the flux
between them, is typically small. Also, a solid coverage of
sea ice was present only during short periods, and thus the
sea ice did not play a significant role in the processes affect-
ing net air–sea CO2 fluxes.

In order to present full time series of pCO2, we recon-
structed a small part of the pCO2 data with the method de-
scribed in Sect. 2.3. The R2 between this reconstructed and
measured pCO2 was 0.74, and the RMSE was 69 µatm.

The most common parameterizations of the gas transfer
velocity are based on wind speed (Wanninkhof, 2014), but
they are best suited for the open-ocean conditions, where the
wind can generate waves freely. As there are numerous is-
lands in the Archipelago Sea, we developed a local param-
eterization from our measurements of gas transfer velocity
and wind speed.

We analyzed the measured gas transfer velocity as a func-
tion of wind speed. For the analysis of the gas transfer ve-
locity, a stricter quality control, compared to the general EC
flux data, was used in order to robustly analyze the gas trans-
fer velocity as a function of wind speed. We tightened the
threshold of relative non-stationarity from 60 % to 30 %. We
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Figure A1. Gas transfer velocity, normalized to the Schmidt num-
ber of 660, as a function of wind speed.

also used similar data processing as done by Gutierrez-Loza
et al. (2022) and included only the periods when the absolute
CO2 partial pressure difference between the sea and the at-
mosphere was at least 50 µatm. Also, the measured negative
gas transfer velocities were not used. The RMSE between
the parameterized and measured air–sea CO2 flux for these
data (n= 8758) was 0.30 µmol m−2 s−1 or 33 % error. The
comparison between the annual budgets calculated using the
parameterization and the EC method is not straightforward as
the EC data set contains frequent gaps. However, the average
annual air–sea CO2 exchange using only the EC method was
19 gC m−2 yr−1, which is slightly lower than the estimate re-
ceived using the parameterization and the EC data together
(27 gC m−2 yr−1).

The normalized gas transfer velocity, k660, parameterized
according to Wanninkhof (2014) generally followed the mea-
surements (Fig. A1) but tended to underestimate for the most
common wind speeds (< 10 m s−1) and overestimate for the
highest wind speeds (> 15 m s−1). This could have an effect
especially for the negative air–sea CO2 fluxes in summer,
when the wind speeds are low. In low wind conditions, it is
possible that the coastal characteristics, such as cross-swells,
of the study site increase the turbulence in the air–sea inter-
face. With high wind speeds, on the other hand, the fetch
may turn out to be a limiting factor for the wave growth,
but this applies to a shorter period of time. For compari-
son, we also calculated the net CO2 exchange at Utö using
both the Wanninkhof (2014) and the local parameterization
and found only a small difference. The average net CO2 ex-
change, calculated using the open-ocean parameterization,
was 26.6 gC m−2 yr−1, and for different years the annual ex-
changes are given in Table 1.

The error estimates for the air–sea CO2 fluxes were cal-
culated assuming that the parameterization of the gas trans-
fer velocity is the dominant source of uncertainty. The er-
ror estimate for the annual net exchange of air–sea CO2 was
obtained by multiplying the annual balance with the me-
dian absolute percentage error (between the EC and param-
eterized flux), weighted by the proportion of parameterized
fluxes. The uncertainty for the average net exchange of CO2
was 11.3 gC m−2 yr−1. The error estimates for each year are
given in Table 1. The error estimates for the monthly flux av-
erages (shown in Fig. 9) are calculated as a monthly median
absolute difference between the EC flux and parameterized
flux, weighted by the proportion of parameterized fluxes.
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