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Abstract. Coastal waters contribute significantly to the total
oceanic carbon uptake. In this context, the cumulative influ-
ence exerted by marginal seas may be conspicuous. How-
ever sparse and unevenly distributed observations in such
regions pose a serious limit to an accurate, experimentally
based quantification of carbon dynamics. The Southern Adri-
atic (SAd) is one of the key sites of the Mediterranean Sea
where open-ocean deep water formation occurs, a process
recognized as a major driver of carbon sequestration. How-
ever, observations in this region remained sparse, thus quanti-
tative assessment of surface carbon dynamics and air-sea car-
bon flux are still limited. In this study, a recently validated,
decade-long (2015–2024) high-resolution time series of sur-
face partial pressure of CO2 (pCO2 sw) and hydrographic
measurements collected at the EMSO-E2M3A South Adri-
atic observatory, located at the centre of the Southern Adri-
atic Pit, has been analysed. The results showed that seasonal
temperature variability and winter vertical mixing were the
dominant drivers of pCO2 sw variability, with biological pro-
cesses likely contributing during the post-convective period.
Air–sea CO2 flux (FCO2), derived from in situ observations,
indicated a clear seasonal pattern, with the SAd acting as a
CO2 sink during winter and as a source during summer. Im-
portantly, the results revealed that the SAd acted as a weak-
to-moderate annual carbon sink over the last decade. How-
ever, the magnitude of FCO2 was strongly influenced by the
selected gas transfer velocity parametrization. Similarly, the
use of a different wind speed input, for instance ERA5 re-
analysis, also altered the estimated CO2 flux, highlighting the
importance of carefully selecting wind products for regional
air-sea FCO2 calculations. Finally, the results presented here

showed how time series such as the SAd dataset can serve as
critical assets for validating operational ocean models, such
as the European Copernicus Marine Service for the Mediter-
ranean, by helping to identify discrepancies in the simulation
of key processes.

1 Introduction

In the decade 2014–2023 it is estimated that the ocean has ab-
sorbed 10.5 Gt CO2 on average each year, which corresponds
to around 26 % of total carbon dioxide (CO2) emissions
(Friedlingstein et al., 2025). The concentration of CO2 in the
atmosphere has increased from approximately 278 parts per
million (ppm) at the beginning of the Industrial Revolution
(Gulev et al., 2021), to more than 421 ppm at the end of 2024
(Lan et al., 2025). This has led to an increasing ocean car-
bon uptake, which, in turn, has caused changes in seawater
chemistry (Doney et al., 2009; Gattuso and Hansson, 2011)
negatively affecting many marine organisms and ecosystems
(e.g., Ilyina et al., 2009; Lohbeck et al., 2012; Meyer and
Riebesell, 2015). Air-sea CO2 exchange is primarily con-
trolled by the difference between the partial pressure of CO2
in seawater and in the atmosphere, by the solubility of CO2,
and by the gas transfer velocity. While CO2 solubility mainly
depends on temperature and salinity and is relatively well
constrained (Weiss, 1974), the gas transfer velocity is con-
trolled by a complex set of physical processes, including
molecular diffusion, turbulent mixing, surface waves, bub-
bles, and spray. It is parameterised as a function of wind
speed, and several polynomial relationships have been fitted
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between the gas transfer velocity and the wind speed based
on field experiments (e.g., Wanninkhof and McGillis, 1999;
Nightingale et al., 2000). Because no consensus exists on
the optimal gas transfer velocity parameterisation, the choice
and quality of wind speed data can strongly influence air-sea
CO2 flux estimates (Wanninkhof, 1992; Naegler et al., 2006;
Otero et al., 2013). In situ wind measurements are generally
preferred when available (Otero et al., 2013), but they, as well
as air temperature, may not be measured at the same time and
location of marine CO2 and salinity observations, especially
in buoy-based observing systems. Model- or satellite-derived
winds are therefore often used as alternatives, although they
also introduce additional sources of uncertainty (Otero et al.,
2013).

Estimates of the global CO2 air-sea flux therefore rely
on both observations and models (Gruber et al., 2023; Fay
et al., 2024; Friedlingstein et al., 2025). Many efforts have
been made by the scientific community to increase the num-
ber and availability of carbon measurements from differ-
ent sources (e.g., from research vessels, autonomous sen-
sors, Argo floats) into quality controlled and openly ac-
cessible data products, resulting in 44 million observations
in the Surface Ocean CO2 Atlas (SOCAT) V2026 release
(Bakker et al., 2016, 2026). However, these observations
cover only a small fraction of the ocean surface and the num-
ber of new observations per year in the open ocean has de-
creased since 2017 (Bakker et al., 2023). In situ observations
are of paramount importance to provide high spatiotempo-
ral resolution in specific areas of interest, to monitor Essen-
tial Ocean Variables (EOVs), to inform about ocean con-
ditions throughout the water column (Tanhua et al., 2019;
Schroeder and Chiggiato, 2022) and to assess the qual-
ity of different model products and satellite measurements.
Ocean reanalyses have demonstrated significant potential in
bridging observational gaps by providing comprehensive,
three-dimensional, basin-wide datasets that enable the in-
vestigation of spatial and temporal variability across mul-
tiple scales (Cossarini et al., 2021). However, generating a
coupled physical-biogeochemical reanalysis remains a com-
plex challenge (Park et al., 2018), due to uncertainties in
the representation of interactions between physical and bio-
geochemical processes, the limited availability of biogeo-
chemical observations for both data assimilation and vali-
dation, and the multivariate nature of the biogeochemical
system, which involves intricate relationships between ob-
served and modelled variables (Cossarini et al., 2021). As a
result, models still struggle to accurately represent sparsely
sampled regions, and considerable uncertainties persist, par-
ticularly in marginal and coastal seas (Resplandy et al.,
2024). Despite their small size (about 7 % of the global
ocean area), marginal and coastal seas have a significant im-
pact on the carbon cycle (Lee et al., 2011; Kapsenberg et
al., 2017; Laruelle et al., 2018; Hassoun et al., 2019; Re-
splandy et al., 2024). Recent estimates from Roobaert et
al. (2024) quantified the global coastal CO2 flux equal to

−2.2 Gt CO2 yr−1 (−0.6 Pg C yr−1) which represents around
21 % of the total current CO2 flux from the atmosphere to
the ocean (10.5 Gt CO2; Friedlingstein et al., 2025). The sea-
water carbonate system in these regions is driven by complex
interaction between physical and chemical processes, like the
overturning circulation, ocean mixing, freshwater inputs and
biological processes. These interactions vary over time and
space highlighting the importance of sustained time series
observations to better understand and separate their individ-
ual contributions (García-Ibañez et al., 2024).

The Mediterranean Sea is a semi-enclosed basin, where
Atlantic Ocean water is exchanged through the Strait of
Gibraltar. Compared to the global ocean, it is characterized
by a peculiar carbonate system. As a concentration basin,
where evaporation exceeds precipitation, it is characterized
by high salinity and elevated total alkalinity and dissolved
inorganic carbon concentrations (Álvarez et al., 2023, 2026).
Together with its active overturning circulation and the pres-
ence of several dense water formation regions, these char-
acteristics promote an efficient uptake and transport of an-
thropogenic CO2 to the ocean interior. In addition, a low
Revelle factor, provides a high buffering capacity against in-
creasing atmospheric CO2 compared to other oceanic regions
(Álvarez et al., 2014; Hassoun et al., 2019; Álvarez et al.,
2023). Within the Mediterranean Sea, two major overturning
circulation cells contribute to transporting carbon from the
surface to the ocean interior (Lee et al., 2011). In the eastern
Mediterranean, the northern and southern Adriatic play a key
role in sustaining the thermohaline circulation (Robinson et
al., 2001) and in capturing and storing CO2 in the deeper lay-
ers (Cantoni et al., 2016; Ingrosso et al., 2017; Urbini et al.,
2020; Cantoni et al., 2024). In particular, the Northern Adri-
atic dense Water represents the densest and most CO2-rich
water mass in the region, significantly contributing to deep
ventilation and carbon sequestration in the eastern Mediter-
ranean basin. Despite the importance of the Mediterranean
Sea for the regional carbon cycle, observational coverage re-
mains sparse and unevenly distributed (Hassoun et al., 2022).
According to the SOCAT V2026 (Bakker et al., 2026) there
is a marked imbalance in data availability across Mediter-
ranean regions, with higher spatial and temporal coverage
in the northwestern Mediterranean than in the eastern basins
particularly in the Adriatic Sea and the Levantine Basin.

This observational gap highlights the need for sustained
high-frequency measurements to better constrain surface car-
bon dynamics and air-sea CO2 flux in these regions. In this
study, a recently validated in situ time series of sea sur-
face observations from the EMSO-E2M3A South Adriatic
regional facility and ICOS ERIC observatory (nominal po-
sition 41.5053° N, 18.0806° E), hereafter EMSO-E2M3A, is
discussed (Dentico et al., 2026). Time series of sea water
partial pressure of CO2 (pCO2 sw, µatm), hydrography and
estimated CO2 flux (FCO2, mmolm−2 d−1) are investigated.
One of the major goals of this research is to assess the role of
the Southern Adriatic (SAd) as a carbon sink or source in the
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last decade. To our knowledge, this is the first comprehen-
sive study on carbon dynamics and carbon flux in the SAd
based on high resolution in situ observations. In addition, the
effect of different wind forcings (in situ observations and re-
analysis), varying in situ temporal resolutions, and alterna-
tive gas transfer velocity parametrizations on FCO2 estimates
are analysed. Further, it is shown how the SAd pCO2 sw and
FCO2 time series can be a key asset for biogeochemical
reanalyses. The SAd data allowed to validate the Mediter-
ranean Copernicus Marine Service biogeochemical reanal-
ysis representing a valid tool to reconstruct local dynamics
while highlighting the presence of some differences in the
amplitude of seasonal cycles of both pCO2 sw and FCO2.

2 Study area

The Southern Adriatic (SAd) is located between the Pala-
gruža Sill and the Strait of Otranto, where maximum depth
reaches about 1250 m in the Southern Adriatic Pit (SAP;
Fig. 1). This area is featured by a quasi-permanent cyclonic
circulation, and dense water formation takes place at the cen-
tre of the gyre through open-ocean convection (Ovchinnikov
et al., 1985; Gačić et al., 2002; Mantziafou and Lascaratos,
2004; Chiggiato et al., 2016; Amitai et al., 2021) contribut-
ing to the eastern Mediterranean thermohaline circulation
(Robinson et al., 2001).

The variability of physical and biogeochemical processes,
including ocean carbon dynamics, is primarily related to
the interaction of different water masses (Civitarese et al.,
2023) and by deep convection processes (Ingrosso et al.,
2017). The SAd is one of the main dense water formation
regions of the eastern Mediterranean (Schlitzer et al., 1991;
Roether and Schlitzer, 1991), where winter convection ven-
tilates the water column. In addition to locally formed dense
waters, the SAd also receives Northern Adriatic dense Wa-
ter, which is produced during winter on the northern Adri-
atic shelf and eventually enters the SAP (Cardin et al., 2011).
On interannual timescales, the hydrographic variability of the
SAd is further influenced by the Bimodal Oscillating System
(BiOS), which modulates the properties of the intermediate
waters entering the basin and results in alternating periods
of fresher and colder Atlantic waters or saltier and warmer
waters from the Ionian Sea (Gačić et al., 2010; Civitarese
et al., 2010, 2023). Finally, the SAd is characterized by olig-
otrophic conditions, with relatively low biological productiv-
ity compared to other Mediterranean regions (Cerino et al.,
2012; Matek et al., 2023).

The variability of the biogeochemical properties and the
carbonate system of the SAd were almost continuously
monitored by open ocean observatories, sampling activi-
ties and by ocean Argo floats and gliders. Particularly, the
EMSO-E2M3A, which is located at the centre of the SAP
(Fig. 1), and it is operated by the Italian National Insti-
tute of Oceanography and Applied Geophysics (OGS), rep-

resents a key research infrastructure to study biogeochemical
and hydrographical properties of the whole water column in
the SAP. EMSO-E2M3A is part of the European Multidisci-
plinary Seafloor and water column Observatory (EMSO) and
the Integrated Carbon Observation System (ICOS) and the
European Research Infrastructure Consortium (ERIC) net-
works. It consists of a system of two moorings, with the
main mooring housing the surface buoy and equipped with
a meteorological station and radiometers, sensors for phys-
ical (hydrography) and chemical variables (pCO2 sw, dis-
solved oxygen and pH), telemetry and services (Ravaioli et
al., 2016). The secondary mooring line is composed of an in-
strument chain with sensors at different depths for physical
and chemical measurements from the seafloor to the inter-
mediate layer (Cardin et al., 2025b). The station has been in
operation almost continuously since 2006 and is the longest
open sea time series in the Adriatic. Additional information
on EMSO-E2M3A, such as the scheme of the surface buoy
and of the deep mooring with the depths of the different in-
struments, are described in Dentico et al. (2026).

3 Data and Methods

3.1 In situ sea surface pCO2 and CTD data

The time series of pCO2 sw (µatm) presented in this study
were measured by different Pro-Oceanus CO2 sensors at the
EMSO-E2M3A at a depth of approximately 2 m (Cardin et
al., 2025a). High frequency (every 4 h) pCO2 sw measure-
ments spanned over a period from 2015 to 2024 with de-
clared accuracy of ±0.5 %. This time series was comple-
mented with pCO2 sw measurements collected around the
EMSO-E2M3A in July 2020 by an Uncrewed Surface Ve-
hicle (USV, Saildrone Inc., USA) during the ATL2MED
demonstration experiment (Martellucci et al., 2024a, 2025).
Additionally, SOCAT V2026 observations in the SAd were
included in the pCO2 sw time series shown here. These
data cover three years of observation in 2015 (August and
September), in 2016 (August and September) and 2020 (June
and July) with the latter corresponding to the ATL2MED
demonstration experiment data. Hourly sea surface temper-
ature (SST, °C), salinity (Sal) and dissolved oxygen (DO,
µmolkg−1) were measured by a SeaBird SBE 37-ODO with
declared accuracy of ±0.002 °C, ±0.003 mS cm−1, ±0.1 %
full scale range, respectively. DO from SBE 37-ODO was
also used to calculate the apparent oxygen utilization (AOU,
µmolkg−1). This value corresponds to the difference be-
tween the equilibrium saturation of oxygen concentration
in seawater with the same physical and chemical properties
and the measured oxygen concentration, providing an esti-
mation of the balance between primary production and res-
piration. AOU has been computed using the solubility coef-
ficients from Benson and Krause (1984) as fitted by Garcia
and Gordon (1992). A detailed description of the dataset used
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Figure 1. Map of the study area. The location of EMSO-E2M3A (nominal position 41.5053° N, 18.0806° E) moored at the centre of the SAP
is shown by the orange dot. The geographical boundaries of the Southern Adriatic, i.e., the Palagruža Sill and the Strait of Otranto are also
shown on the map.

here, and the quality control procedures applied to the data
are available in Dentico et al. (2026).

3.2 In situ atmospheric pCO2 data

To calculate air-sea FCO2, hourly atmospheric molar frac-
tion of CO2 (xCO2, ppm) from the ENEA (Italian National
Agency for New Technologies, Energy and Sustainable Eco-
nomic Development) Station for Climate Observations on
the island of Lampedusa (Marullo et al., 2021; di Sarra et
al., 2025) were used. Indeed, atmospheric pCO2 measure-
ments (pCO2 atm, µatm) at EMSO-E2M3A only started in
December 2023, when a ProOceanus CO2-Pro ATM was de-
ployed allowing continuous measurements of both pCO2 sw
and pCO2 atm in alternating mode. As in situ observations
of pCO2 atm were not long enough to match with pCO2 sw,
Lampedusa data was chosen as it represents one of the
longest oceanic time series of pCO2 atm in the Mediterranean
Sea. Moreover, these data have been used in similar studies

to compute FCO2 at Mediterranean scale (e.g., Martellucci
et al., 2024a, 2025) and in the northern Adriatic Sea (e.g.,
Urbini et al., 2020; Cantoni et al., 2024). From Lampedusa
xCO2 (indicated as xCO2_LMP), the pCO2 atm relative to the
local physical and atmospheric condition at EMSO-E2M3A
(indicated as pCO2 atm_E2M3Ar) was calculated according to
Weiss (1974):

pCO2 atm_E2M3Ar = xCO2_LMP(P −pH2O) (1)

where P is the air pressure (mbar) measured at EMSO-
E2M3A and pH2O is the water vapour saturation (mbar) that
has been calculated according to Weiss and Price (1980):

pH2O= Aexp(B−C(100/SST)−D log(SST/100)−E(SSS)) (2)

where SST is sea surface temperature (K), SSS is sea sur-
face salinity both measured at EMSO-E2M3A and the co-
efficients A, B, C and D can be found in Weiss and Price
(1980). To assess the potential bias of using xCO2_LMP for
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the calculation of CO2 air-sea flux in the SAd, a comparison
between pCO2 atm measured by the ProOceanus CO2-Pro
ATM sensor installed at EMSO-E2M3A (pCO2 atm_E2M3A)
with pCO2 atm_E2M3Ar was performed. This comparison was
limited to a four-month period between December 2023 and
March 2024, when the CO2-Pro ATM sensor was opera-
tional. The two time series show good overall agreement,
however the differences tend to be larger at higher pCO2 atm
values, while they remain smaller at lower values (Figs. S1,
S2a, Supplement). A mean difference of +2.7± 3 µatm be-
tween pCO2 atm_E2M3A and pCO2 atm_E2M3Ar indicates that
pCO2 atm_E2M3A is on average higher than pCO2 atm de-
rived from xCO2_LMP. A detailed investigation of the rea-
sons behind this difference was beyond the scope of this
work. Although the analysis of the residuals indicated po-
tential heteroscedasticity in the data (Fig. S2a, b in the Sup-
plement), the short duration of the overlapping time series
justified applying a constant bias correction of +2.7 µatm
to pCO2 atm_E2M3Ar. To evaluate the robustness of this cor-
rection, a comparison between pCO2 atm derived from the
CAMS reanalysis of the European Centre for Medium-Range
Weather Forecasts (ECMWF; Agustí-Panareda et al., 2023),
was also considered (Fig. S3, Supplement). The difference
between monthly pCO2 atm data at Lampedusa (LMP) and at
EMSO-E2M3A between 2003 and 2021 was 2 ppm which is
similar to the offset estimated in the four-month period.

3.3 In situ wind speed data

Wind speed (WSPD, m s−1) was measured by a Young sen-
sor on the meteorological station at EMSO-E2M3A (Cardin
et al., 2025a; Dentico et al., 2026) with a manufacturer ac-
curacy of ±0.3 m s−1 and was used as input for CO2 flux
calculation. Given that at EMSO-E2M3A wind speed is mea-
sured at 2 m height and CO2 air-sea flux calculation requires
the standard reference height of 10 m (Wanninkhof, 2014),
a conversion was performed using a logarithm wind speed
profile according to:

uLOG(z) = (ln(z/z0)/ ln(zm/z0))u(zm) (3)

where uLOG(z) is the wind speed (m s−1) at the desired height
(10 m), z is the desired measurement height (10 m), zm the
actual measurement height (2 m), z0 is the roughness length
that for oceanic regions was set equal to 1.52×10−4 (Peixoto
and Oort, 1992) and u(zm) is the wind speed (m s−1) mea-
sured at EMSO-E2M3A at 2 m height. A detailed descrip-
tion of the data collection and quality check of the data can
be found in Dentico et al. (2026).

3.4 Model data

The European Copernicus Marine Service (CMEMS) pro-
vides regular and systematic information on the ocean
physics and biogeochemistry for the global ocean and the
European regional seas (Le Traon et al., 2019). Data from

different Mediterranean CMEMS products were used as an
additional reference to investigate the variability of the in
situ pCO2 sw and FCO2. In particular, the following mod-
elling products were used: the Sea Physics Reanalysis (PHY,
Escudier et al., 2021) for the physical variables of surface
temperature (SST, °C), salinity (Sal) and Mixed Layer Depth
(MLD, m), the Biogeochemistry Reanalysis (RD; Cossarini
et al., 2021) and the Biogeochemistry Analysis and Fore-
cast product (AF; Salon et al., 2019) for pCO2 sw (µatm) and
FCO2 (mmolm−2 d−1). Additionally, the Ocean Color Satel-
lite product (Volpe et al., 2019a) for the surface chlorophyll a

(Chl a, µgL−1) was used as a proxy of primary production.
Detailed information on the models and variables used are
summarized in Table 1. The time series presented here are
spatial averages of the grid points in the 10 km radius from
EMSO-E2M3A from the native spatial resolution of 4.5 and
1 km for models and satellite data, respectively.

ERA5 wind product, which is the fifth generation of
ECMWF reanalysis for the global climate and weather (Hers-
bach et al., 2023), was also used and compared with EMSO-
E2M3A wind measurements. ERA5 provides hourly esti-
mates for a large number of atmospheric, ocean-wave and
land-surface quantities from 1940 to present. The spatial res-
olution of atmospheric data is 0.25°× 0.25° and wind speed
(WSPDERA5, m s−1) in the subregion (30 km radius) and in
the nearest point close to EMSO-E2M3A was calculated as
the square root of the sum of squares of the 10 m u compo-
nent (m s−1), which is the eastward horizontal wind speed,
and of the 10 m v component (m s−1) that represents the
northward horizontal wind speed.

3.5 Air-sea CO2 flux calculation

The direction and magnitude of FCO2 is governed by the dif-
ference between pCO2 sw and pCO2 atm and the air-sea CO2
gas transfer velocity (Takahashi et al., 2002):

FCO2 = k0k(pCO2 sw−pCO2 atm) (4)

where k0 is the solubility coefficient of CO2 at in situ tem-
perature and salinity (Weiss, 1974; Zeebe and Wolf-Gladrow,
2001) and k is the gas transfer velocity (m d−1). In this study,
if the FCO2 < 0 the flux is from air to seawater, on the con-
trary if FCO2 > 0 the flux is from the seawater to the atmo-
sphere. Several algorithms for k calculation exist, here dif-
ferent parametrizations were used to compute FCO2:

kW = 0.251u2(Sc/660)−0.5 (5)

kW&McG = 0.0283u3(Sc/660)−0.5 (6)

kN = 0.222u2
+ 0.333u(Sc/600)−0.5 (7)

where kW is a quadratic relationship proposed by Wan-
ninkhof (2014) and it is one of the most frequent parametriza-
tions used in the FCO2 estimations at both global and
Mediterranean scale (Urbini et al., 2020; Cantoni et al., 2024;
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Table 1. Overview of the Copernicus Marine Service (CMEMS) products used in this work.

CMEMS product name Variables used in this
work

DOI Reference

Mediterranean Sea Physics
Reanalysis (PHY)

SST, Sal, MLD https:
//doi.org/10.25423/CMCC/MEDSEA_
MULTIYEAR_PHY_006_004

Escudier et al. (2020,
2021)

Mediterranean Sea
Biogeochemistry Reanalysis
(RD)

pCO2 sw, FCO2 https:
//doi.org/10.25423/cmcc/medsea_
multiyear_bgc_006_008_medbfm3

Teruzzi et al. (2021),
Cossarini et al. (2021)

Mediterranean Sea
Biogeochemistry Analysis and
Forecast (AF)

pCO2 sw, FCO2 https://doi.org/10.25423/cmcc/
medsea_analysisforecast_bgc_006_
014_medbfm4

Feudale et al. (2023),
Salon et al. (2019)

Mediterranean Sea,
Bio-Geo-Chemical, L4,
monthly means, daily gapfree
and climatology Satellite
Observations (1997–ongoing)

Chl a https://doi.org/10.48670/moi-00300 Volpe et al. (2019a, b)

Martellucci et al., 2025; Pecci et al., 2026); kW&McG is a cu-
bic wind speed dependence from Wanninkhof and McGillis
(1999); and kN is a mixed (linear and quadratic) dependency
from Nightingale et al. (2000) used in the literature (for ex-
ample in Gulf of Biscay; Otero et al., 2013). In Eqs. (5), (6)
and (7) u is the wind speed (m s−1) corrected at 10 m height
and Sc the Schmidt number for CO2. Different temporal reso-
lutions of u have been used to compute Eq. (5), (6) and (7) in-
cluding hourly, 6 h averages and daily averages. From these,
daily k values have been calculated to have daily FCO2 val-
ues. Additionally, 6 h averages ERA5 wind speed data have
been used to calculate the different parametrizations of k.
ERA5 wind speed data were selected for two main reasons:
(i) wind reanalysis products, unlike in situ time series, pro-
vide continuous spatial and temporal coverage without ob-
servational gaps; (ii) ERA5 wind data are used as the wind
forcing input in the Mediterranean Sea Physical and Bio-
geochemistry Reanalyses. Thus, considering that CO2 air-
sea flux in the CMEMS products (Salon et al., 2019; Cos-
sarini et al., 2021) and in the present work was computed
following the same Wanninkhof (2014) formulation, the use
of the same wind dataset, allowed a focus on the analyses
of pCO2 sw difference between in situ data and model out-
puts. In summary, different wind products (EMSO-E2M3A
versus ERA5), different formulations of k and different tem-
poral aggregation of wind speed data were used to compute
the FCO2 and to assess their impact on annual and seasonal
estimates.

3.6 Thermal and non-thermal component of pCO2 sw

Thermal (pCO2 sw_T, µatm) and non-thermal
(pCO2 sw_NT, µatm) components of pCO2 sw were esti-
mated according to Takahashi et al. (2002). The thermal

component is associated to the effect of temperature on
pCO2 sw, while the non-thermal component can be attributed
to other factors not strictly related to temperature, as bio-
logical activity (photosynthesis and respiration), changes
in dissolved inorganic carbon (DIC), mixing or advective
processes and gas exchange with the atmosphere. pCO2 sw_T
and pCO2 sw_NT have been computed using the following
equations:

pCO2 sw_T =mean(pCO2 sw)exp0.0423(SSTobs−SSTmean) (8)

pCO2 sw_NT = pCO2 swexp0.0423(SSTmean−SSTobs) (9)

where, “mean” refers to yearly mean values of sea surface
temperature (SST, °C), while the other variables (pCO2 sw
and SSTobs) refer to the daily values measured during the
study period.

4 Results and Discussion

4.1 pCO2 dynamics and hydrography in the SAP

The time series of the daily surface pCO2 sw between 2015
and 2024 is presented in Fig. 2a. The incomplete coverage
of the full seasonal cycle in several years, prevented a de-
tailed assessment of interannual variability. Therefore, the
discussion presented in this section mainly focuses on the
seasonal patterns and their main drivers, and, when possi-
ble, on interannual differences of the seasonal cycle. Mean
winter values were around 380 µatm and mean summer val-
ues reached around 484 µatm, resulting in a seasonal am-
plitude of about 100 µatm. This pronounced seasonality re-
flected the combined influence of thermal and non-thermal
processes (Fig. 2b). During winter, low sea surface tem-
perature (SST < 15 °C; Fig. 2c) increases CO2 solubility,
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leading to lower pCO2 sw (Fig. 2b). However, during win-
ter convection the upward transport of DIC-rich intermedi-
ate and deep waters (Touratier et al., 2016; Ingrosso et al.,
2017) led to an increase of surface pCO2 sw as shown by the
pCO2_NT component (Fig. 2b). This was particularly evident
between late December and late February of 2016–2017,
2017–2018, 2020–2021, and 2023–2024 (Fig. 2a). Positive
AOU values observed during these periods (Fig. 2d) further
support this interpretation, indicating the upward displace-
ment of oxygen-depleted intermediate waters during ver-
tical mixing, also described in Martellucci et al. (2024b).
The post-convection periods (Fig. 2e; usually from March
to May–June) were characterised by a phytoplankton bloom
(Fig. 2f). Although direct pCO2 sw observations were lim-
ited during this period, the decrease in AOU and the in-
crease in DO concentration at the surface (Fig. 2d) pro-
vided indirect but consistent evidence of primary produc-
tion. These observations suggest that biological CO2 uptake
likely contributes to lowering pCO2 sw following winter mix-
ing, acting as an additional non-thermal driver of the sea-
sonal variability. In spring, surface warming began, lead-
ing, in summer, to maximum SST values (> 25 °C; Fig. 2c)
and strong stratification. During this period, pCO2 sw reached
its annual maximum, closely following the pCO2 sw_T com-
ponent and indicating a dominant thermal effect (Fig. 2b).
The comparison between the Saildrone and EMSO-E2M3A
observations further confirmed this pattern, showing coher-
ent short-term variations with the EMSO-E2M3A time se-
ries (r = 0.77, p value < 0.01) and a nearly constant off-
set of 16 µatm (Fig. 2a). Similarly, SOCAT V2026 observa-
tions showed very good agreement with the EMSO-E2M3A
measurements during August–September 2015 (mean differ-
ence of approx. 8.4 µatm; Fig. 2a). In contrast, larger differ-
ences (mean difference approx. 40 µatm) were observed dur-
ing the same period in 2016. The SOCAT observations in
2016 are located along the eastern side of the SAd, there-
fore, the discrepancies may reflect differences in the hydro-
graphic conditions and water mass distribution between the
two surveys, resulting in the sampling of waters with differ-
ent physical and biogeochemical characteristics. However,
further analyses would be required to confirm this hypoth-
esis. Interestingly, higher pCO2 sw values were recorded in
summer 2022, with a peak in July 2022, coinciding with the
occurrence of a Mediterranean Marine Heatwave. In the SAP,
Pirro et al. (2024) detected positive temperature anomalies
across the whole water column, with the strongest warming
at the surface. Thus, the elevated pCO2 sw observed in this
period might be linked to the increased stratification that lim-
ited vertical exchange favouring the accumulation of respired
carbon in surface waters. This behaviour was consistent with
recent observations in the northwestern Mediterranean Sea
(e.g., Metzl et al., 2025), which highlighted that the excep-
tional warming observed in summer 2022 impacted not only
thermodynamic processes but also stratification, wind field

(Pecci et al., 2026) and biological activity, with consequences
for the variability of pCO2 sw and air–sea CO2 flux.

The annual cycle of surface pCO2 sw in the SAd was com-
parable to other regions of the Mediterranean Sea with gen-
erally lower values than those observed in the SAd (Den-
tico et al., 2026). Similar seasonal variations especially in
winter were described for the northern Adriatic shelf (In-
grosso et al., 2016; Urbini et al., 2020; Cantoni et al., 2024),
where intense Bora wind events and vertical mixing period-
ically disrupt water column stratification, promoting an ef-
ficient exchange between bottom and surface pCO2 sw. Sea-
sonal pCO2 sw variability was reported between 200 µatm in
winter up to 500 µatm in summer (e.g., Cantoni et al., 2024).
However, unlike the SAd, the riverine inputs in this area also
play a key role in modulating the carbonate system dynam-
ics (e.g., Giani et al., 2023). In the convective region of the
northwestern Mediterranean Sea, several studies have em-
phasized the importance of vertical mixing, horizontal ad-
vection and biological productivity in driving pCO2 sw vari-
ability (e.g., Merlivat et al., 2018; Fourrier et al., 2022; Ulses
et al., 2023). Here winter values were comparable to the
SAd (around 350 µatm) and summer values around 500 µatm
(Merlivat et al., 2018; García-Ibáñez et al., 2024) or higher,
as reported for the DYFAMED site in the Ligurian Sea (Cop-
pola et al., 2020) where values exceeded 550 µatm. In the
SAd the effect of biological activity was less clear because
of data gaps. Nevertheless, further investigations could be
essential to clarify the role of biological processes in shap-
ing the local carbon cycle as highlighted in previous studies
(Turchetto et al., 2012; Cerino et al., 2012). Non-convective
regions such as the eastern Mediterranean Sea, exhibited a
stronger thermal control on seasonal pCO2 sw variability. The
first pCO2 sw time series from the Cretan Sea showed that
temperature was the dominant driver of pCO2 sw, while the
non-thermal component was mainly associated with evapo-
ration, water mass mixing, and biological remineralisation-
production processes (Frangoulis et al., 2024). Similarly, in
the southeast Levantine, seasonal pCO2 sw was found to be
tightly correlated with sea surface temperature indicating that
its seasonal cycle is largely controlled by thermodynamic
processes (Sisma-Ventura et al., 2017). In contrast to the
Levantine Basin, where pCO2 sw variability is strongly in-
fluenced by warming and evaporation, the Southern Adri-
atic is affected by recurrent deep convection and higher
biological activity (e.g., Pérez et al., 2024; Tsiaras et al.,
2024). Nevertheless, seasonal variations were similar rang-
ing between 350 µatm in winter and around 500 µatm in sum-
mer (Frangoulis et al., 2024). The analysis of hydrological
data showed the highly dynamic characteristics of the re-
gion. First, the intensity and occurrence of convection in
the SAd have varied substantially among years (Fig. 2e).
Depending on atmospheric forcing and water column pre-
conditioning, the depth of vertical mixing ranged from rel-
atively shallow mixing in the intermediate layers (< 400 m
depth) to deeper convective events (> 800 m depth). Weaker
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events were recorded in 2015, 2016, 2019, and 2020, whereas
deeper mixing (> 600 m) occurred in more recent years (es-
pecially after 2022; Fig. 2e). This interannual variability re-
sulted from strong/weak air-sea interactions, where stronger
heat losses could occur especially under the influence of the
cold and dry Bora wind (Le Meur et al., 2025). Variations
in the regional hydrographic structure, particularly changes
in salinity (Amorim et al., 2024; Le Meur et al., 2025), also
affected the stability of the water column and the depth of
convection. This variability in salinity (Fig. 2g) was associ-
ated with the inflow of Levantine/Ionian surface water, which
is regulated by changes in the Northern Ionian Gyre (NIG)
vorticity (Gačić et al., 2010; Rubino et al., 2020; Menna et
al., 2022; Civitarese et al., 2023). The influence of NIG in
the SAd was evident in the salinity measurements (Fig. 2g),
which showed periods of higher salinity (> 39 in 2017, 2021,
2022) and lower salinity (< 38.5 in 2015, 2018). Through its
impact on stratification and preconditioning, this large-scale
circulation variability likely modulates the intensity of winter
mixing and, indirectly, pCO2 sw variability.

4.2 CO2 flux: source-sink dynamics

Daily FCO2 in the SAd shown in Fig. 3 were computed us-
ing a reference configuration based on Eqs. (4) and (5) us-
ing as input pCO2 sw, pCO2 atm_E2M3Ar (Sect. 3.1) and 6 h
averaged wind speed data from EMSO-E2M3A corrected at
10 m height (Sect. 3.3). The gas transfer velocity was cal-
culated using the Wanninkhof (2014) parameterisation to al-
low a more consistent comparison with previous studies and
model data (Sect. 4.4). FCO2 estimates obtained using dif-
ferent wind products, wind temporal resolutions, and gas
transfer velocity parameterisations are discussed in Sect. 4.3.
Based on the reference configuration, CO2 air-sea flux in the
SAd presents two dominant phases: a source period, gener-
ally associated with post-convection/summer months (posi-
tive values in Fig. 3a), and a sink period, typically occur-
ring during winter and during episodes of winter convection
(negative values in Fig. 3a). While the intensity of daily val-
ues during sink and source phases exhibited high interannual
variability, the timing of the transition months, i.e., the peri-
ods when the SAd shifts from a source (May) to a sink (Oc-
tober), occurred regularly (Fig. 3b).

Monthly averages were computed for those months with
at least 14 valid daily values. The mean over the full pe-
riod was subsequently obtained from these monthly values
(Fig. 3b). Given the observed variability (i.e., high daily
variability with a regular annual cycle) and the presence
of substantial data gaps in the FCO2 time series, an ad-
ditional computational approach was applied to derive ro-
bust estimates of mean CO2 fluxes in the SAP over the
past decade (Table S1 in the Supplement). Notwithstand-
ing the potential limitations derived by data availability, over
the last decade, the SAd has functioned predominantly as a
weak-to-moderate carbon sink with mean annual FCO2 val-

ues of about−0.97 mmolm−2 d−1 for the period 2015–2024.
Across the Mediterranean, air-sea carbon flux is spatially un-
even: the western basin takes up more CO2 than the eastern
basin, while some southeastern sectors show weak release
or near-neutral behaviour (Cossarini et al., 2021). Although
the values reported here for the SAd were modest in magni-
tude compared to other Mediterranean regions, they pointed
to a net CO2 uptake, underscoring the potential role of the
SAd in regional carbon sequestration, as suggested by In-
grosso et al. (2017). While the present analysis does not di-
rectly address the carbon export below the mixed layer, the
occurrence of recurrent convection events suggests that part
of the CO2 absorbed at the surface may be transferred to in-
termediate and deep waters. In this context, our results are
consistent with observations from other Mediterranean deep-
water formation regions. For instance, the northern Adriatic
Sea has been reported to act as an effective CO2 sink dur-
ing winter, spring, and autumn, with mean daily fluxes of
about −2.9 mmolm−2 d−1 (Catalano et al., 2014; Cantoni et
al., 2024) reaching however the highest CO2 flux during win-
ter (−14.2 mmolm−2 d−1; Urbini et al., 2020). Dense waters
formed in the northern Adriatic can eventually flow towards
the SAP, suggesting that the Southern Adriatic may act as a
regional collector of carbon-enriched waters from upstream
regions in addition to locally vertical transfer of CO2 dur-
ing convection events. Similarly, in the Gulf of Lions, Ulses
et al. (2023) showed that the area functions as a net CO2
sink on an annual scale, with an estimated carbon sequestra-
tion rate of approximately −1.29 mmolm−2 d−1 (estimated
mean was−0.47 mol C m−2 yr−1). Here higher uptake is also
linked to Atlantic inflow and spring primary production that
lowers surface pCO2 (Martellucci et al., 2025). Finally, com-
parable FCO2 values could be also found between the SAd
and the Central Mediterranean (Pecci et al., 2026) where esti-
mates at the Lampedusa observatory, indicate a net CO2 sink
activity corresponding to −1.76± 0.11 mmolm−2 d−1 for a
1-year period (i.e., 2022).

4.3 Impact of different wind inputs in FCO2 estimates

This section examines the influence of different wind prod-
ucts (in situ observations and ERA5 reanalysis), different
temporal aggregations of the wind data (hourly, 6-hourly, and
daily averages), and alternative gas transfer velocity param-
eterisations (Eqs. 5, 6 and 7) on the estimation of FCO2.
Flux estimates obtained using these different methodolog-
ical choices are compared on both annual basis and for
two extended seasonal periods representing the main hydro-
graphic phases of the Southern Adriatic: the winter/convec-
tive period, from October to March, and the summer/post-
convective period, from April to September. For each new
estimate, the annual and seasonal averages were derived us-
ing the same approach of the nominal estimate (i.e., consid-
ering months with at least 14 valid daily observations). An-
nual and seasonal averages were then calculated from these
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Figure 2. Time series of daily (a) Partial pressure of CO2 in seawater (pCO2 sw Probe, µatm) measured by the Pro-Oceanus sensor repre-
sented by the black solid line, partial pressure of CO2 in seawater derived from the analysis of water samples using the pair pH and total
alkalinity (pCO2 sw Samples, µatm), partial pressure of CO2 in seawater measured by the Saildrone (pCO2 sw Saildrone, µatm), and partial
pressure of CO2 in seawater from SOCAT in the SAd (pCO2 sw SOCAT, µatm) represented by the yellow, violet and green dots respectively;
(b) Thermal (pCO2sw_T, µatm) and non-thermal (pCO2sw_NT, µatm) components of pCO2 sw (µatm) blue and grey respectively; (c) Sea sur-
face temperature (SST, °C); (d) Dissolved oxygen (DO, µmolkg−1) and Apparent Oxygen Utilization (AOU, µmolkg−1) derived from DO
measured by the SBE37 ODO sensor in dark red and violet respectively; (e) Mixed Layer Depth (MLD, m) from the CMEMS Mediterranean
Sea Physics Reanalysis; (f) Chlorophyll a (Chl a, µgL−1) used here as a proxy of primary production from the CMEMS Mediterranean Sea,
Bio-Geo-Chemical, L4, monthly means, daily gapfree and climatology Satellite Observations (1997–ongoing); and (g) Sea surface salin-
ity (Sal). Time series (a, b, c, d, g) refers to the data measured by several instruments deployed at 2 m depth at EMSO-E2M3A between
April 2015 and May 2024. Data gaps in the series were mostly due to maintenance operations and/or discarded data because they failed the
quality-control procedures described in Dentico et al. (2026). Modified from Dentico et al. (2026).
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Figure 3. (a) Time series of daily CO2 flux (FCO2, mmolm−2 d−1) calculated with in situ measurements in the period 2015–2024 at EMSO-
E2M3A; (b) Daily averages of CO2 flux calculated in the different years (coloured lines) and the mean daily FCO2 (mmolm−2 d−1) over the
entire period (2015–2024; black line). Negative flux represents CO2 influx from the air to the sea and positive flux represents CO2 outgassing
from the sea to the air.

monthly values. The resulting annual and seasonal FCO2 es-
timates are summarized in Table 2. All configurations based
on in situ observations consistently indicated a net annual
uptake of atmospheric CO2 by the Southern Adriatic, al-
though the magnitude of the estimated flux varied depend-
ing on the methodological choices adopted (Table 2). Annual
mean FCO2 ranged from −0.90 to −3.92 mmolm−2 d−1.
The choice of the gas transfer velocity parameterisation had
a larger influence on the annual flux estimate than the tem-
poral aggregation of the wind data. While the results using
kW or kN with any temporal aggregation produced compa-
rable results, the use of kW&McG produced higher results.
For example, using the pair 6-hourly in situ wind speed and
kW&McG produced an annual uptake four times larger than
estimates obtained with the pair 6-hourly in situ wind speed
and kW or kN. The influence of wind temporal aggregation
was generally limited for kW or kN but became more pro-
nounced for kW&McG, which is inherently more sensitive to
high wind speeds that can be smoothed out due to the daily
aggregation of the data. At the seasonal scale, winter CO2
uptake was consistently larger than summer outgassing re-
gardless of the selected parameterisation or wind tempo-
ral aggregation. Winter mean FCO2 ranged from −14.55
to −19.26 mmolm−2 d−1 using in situ winds, whereas sum-
mer values ranged between 8.75 and 13.96 mmolm−2 d−1.
The relative standard deviation of the summer estimates was,
however, systematically higher than that of the winter pe-
riod. This behaviour mainly reflects the inclusion of May in
the summer period. As shown in Fig. 3b, May represents a

transition month during which the Southern Adriatic shifts
from winter sink conditions to summer source conditions.
Although October also marked a seasonal transition, its in-
fluence on the winter mean was less pronounced because it
was followed by several months characterized by persistent
CO2 uptake. In contrast, the summer period included only
four months (from June to September) that consistently be-
have as a CO2 source. These results suggested that the annual
net CO2 uptake in the Southern Adriatic is favoured not only
by the higher winter CO2 flux but also by the longer duration
of the sink period relative to the source period. A different
behaviour emerged when ERA5 wind data were used. Using
ERA5 wind fields together with kW and kN parameterisations
resulted in a weak annual CO2 source, whereas the use of
the nearest ERA5 grid point to the EMSO-E2M3A observa-
tory instead of the spatial average resulted in a weak annual
sink. This sign reversal highlighted the strong dependence of
FCO2 estimates on the representation of the local wind field.
The difference was particularly evident during winter, when
ERA5 spatially averaged winds produced CO2 uptake esti-
mates about 25 %–40 % lower than those obtained using the
nearest ERA5 grid point. This suggests that spatial averaging
may smooth high wind events, which strongly influence k be-
cause of its nonlinear dependence on wind speed (Takahashi
et al., 2002). A more detailed analysis on the performance of
ERA5 wind in the region revealed that the largest discrep-
ancy between ERA5 and in situ observations (Figs. S4 and
S5) occurred during strong wind events (high Beaufort con-
ditions).
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Table 2. Air-sea CO2 flux (mmolm−2 d−1) in the Southern Adriatic calculated using different wind speed inputs from in situ observations
(EMSO-E2M3A) and ERA5 reanalysis. ERA5 wind speed was tested both as a spatial mean over a 30 km radius around the observatory
(ERA5 30 km spatial mean) and as the nearest grid point to EMSO-E2M3A (ERA5 single point). Different gas transfer velocity parametri-
sations (kW, kW&McG, and kN) and temporal aggregations of the wind data (hourly, 6-hourly, and daily averages) were compared. Flux
estimates are reported as annual means and as seasonal means± standard deviation for two extended periods: winter/convective period
(October–March) and summer/post-convective period (April–September).

EMSO-E2M3A ERA5 ERA5

30 km spatial mean single point

Hourly 6 h Daily 6 h 6 h

Annual
kW −0.9 −0.97 −1.29 0.27 −1.11
kW&McG −3.92 −3.87 −3.26 −0.53 −2.81
kN −0.97 −1.01 −0.9 0.49 −0.75

Winter (convective)
kW −14.56± 7.02 −15.90± 7.77 −14.55± 7.02 −8.91± 4.18 −12.27± 6.09
kW&McG −19.26± 9.85 −18.09± 9.12 −15.27± 7.55 −7.61± 3.56 −12.69± 6.53
kN −15.91± 7.77 −15.51± 7.54 −14.56± 7.03 −9.27± 4.36 −12.37± 6.12

Summer kW 12.75± 13.73 13.97± 14.97 11.97± 13.13 9.45± 10.32 10.05± 10.75
(post-convective) kW&McG 11.43± 13.67 10.36± 12.56 8.75± 10.69 6.55± 7.73 7.06± 8.16

kN 13.96± 14.97 13.47± 14.51 12.76± 13.73 10.26± 11 10.86± 11.43

4.4 pCO2 sw and FCO2: in situ data and model
comparison

The in situ pCO2 sw and physical data proved to be a reli-
able asset for model validation, thus a comparison between
the RD and AF CMEMS products for pCO2 sw and FCO2
was computed. The comparison between daily pCO2 sw from
CMEMS (Sect. 3.4) and pCO2 sw measured by the probe
for a decade-long period highlighted a coherent temporal
evolution (Fig. 4). A RMSE of 35.96 µatm and a signifi-
cant correlation coefficient of 0.82 (p value < 0.01) between
the two datasets was found. Nevertheless, during summer,
model data were on average higher than pCO2 sw from the
probe, with a mean difference between RD and the probe
data of +34.22 µatm. The only exception was in 2022, when
pCO2 sw from the probe was higher than CMEMS data (both
RD and AF). As discussed in Sect. 4.1 in 2022 a marine
heatwave was detected in the region (Pirro et al., 2024).
The strong difference in pCO2 sw between the probe and the
model was likely driven by the combined effects of warm-
ing, enhanced stratification, and biogeochemical processes
which are difficult to represent in current biogeochemical
models. On the contrary, in winter RD data were on average
lower than the probe, with a mean difference between the
two datasets of −26.87 µatm. This discrepancy was mainly
associated with the increase in the pCO2 sw recorded by the
probe between late December and late February, which was
not fully resolved by the model and was underestimated by
approximately 45 µatm. This mismatch may be partly at-
tributed to the limited vertical resolution of the model and to
the parameterization of vertical mixing processes, which may
smooth or underestimate the upward transport of DIC to the

surface during convection events (as discussed in Sect. 4.1).
By contrast, with lower intensity, the AF product was able to
capture this increase (Fig. 4). Similarly to RD, also AF was
not able to consistently reproduce the higher pCO2 sw values
measured by the probe in summer 2022. Finally, in autumn
and spring the mean differences were smaller (+5.13 µatm
and −16.12 µatm, respectively).

The comparison between FCO2 derived from in situ data
and from the model is presented in Fig. 5. Both datasets con-
sistently capture the two main seasonal phases of the region,
with a source period during summer and a sink period dur-
ing winter. However, notable differences in absolute values
emerged, particularly in summer. A main factor in these dif-
ferences was related to the pCO2 sw measurements as dis-
cussed in the previous section. Additionally, in both sea-
sons, the different wind forcing used by the model (ERA5)
could also be a contributing factor of the FCO2 difference
(see Sect. 4.3 and Fig. S5, Supplement). On the contrary,
the difference between model and in situ temperature and/or
salinity was not considered a driving factor of the in situ and
RD FCO2 difference (Fig. S6, Supplement). Nevertheless, an
RMSE of 16.89 mmolm−2 d−1 with a correlation coefficient
of 0.89 (p value < 0.01) was calculated between FCO2 from
RD and FCO2 derived from observational data.

Considering the relatively good performance of the RD,
and the temporal bias in the in situ FCO2 time series (e.g.,
the winter periods were by far under sampled with respect to
summer periods), it was used to clarify the role of the SAd
as a source or sink of CO2. The mean annual FCO2 using
exclusively CMEMS RD resulted in −4.3 mmolm−2 d−1.
The spatial distribution of the mean annual FCO2 fur-
ther highlighted that spatial differences in the basin existed
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Figure 4. Time series of daily pCO2 sw (µatm) measured at the EMSO-E2M3A regional observatory in black, pCO2 sw (µatm) from the
Mediterranean Sea Biogeochemistry Reanalysis (RD) in blue and the Mediterranean Sea Biogeochemistry Analysis and Forecast (AF) in
green. RD data after July 2022 were integrated with the interim reanalysis.

Figure 5. Time series of daily FCO2 (mmolm−2 d−1) calculated with in situ data measured at the EMSO-E2M3A and FCO2
(mmolm−2 d−1) from the Mediterranean Sea Biogeochemistry Reanalysis (RD) represented by the black and violet curves respectively.
Model data after July 2022 were integrated with the interim reanalysis.

(Fig. 6). The strongest uptake is found in the central and
deep part of the basin, where FCO2 reaches values close to
−5 mmolm−2 d−1 while weaker sink activity was shown par-
ticularly along the eastern part of the basin with values being
between 0 and −2 mmolm−2 d−1 (Fig. 6). Nevertheless, de-
spite the spatial differences in the magnitude of the annual
CO2 fluxes, the overall basin scale behaviour derived from
the CMEMS reanalysis is consistent with the in situ observa-
tions. Although local fluxes vary across the basin, the EMSO-
E2M3A can be considered a representative site for captur-
ing the main carbon dynamics of the Southern Adriatic. Sec-
ondly, the use of the CMEMS RD product to compute the
overall FCO2 average filling the gaps of the in situ data was
tested. A bias (B) using the CMEMS RD was calculated as
the difference between the mean flux over the entire period

(2015–2024) and the mean flux considering only the days
with observations being equal to−3.7 mmolm−2 d−1. B was
then added to the mean flux calculated with in situ observa-
tions, resulting in a mean annual flux of−4.5 mmolm−2 d−1.
Even if these estimates should be considered with caution,
they further confirm that the Southern Adriatic acted as a
moderate carbon sink over the last decade.

5 Conclusion

A time series of pCO2 sw and hydrography from autonomous
sensors over the past 10 years were analysed to estimate
pCO2 sw and carbon flux in the dense water formation site
of the Southern Adriatic. The data were collected by several
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Figure 6. Spatial distribution of mean annual CO2 flux (FCO2, mmolm−2 d−1) in the Southern Adriatic from CMEMS RD data. Negative
values indicate a net uptake of atmospheric CO2. Strongest FCO2 was observed in the central deep basin, while weaker FCO2 occurred along
the eastern margins of the basin. Bathymetric contours are also shown. The EMSO-E2M3A mooring site, located in the central Southern
Adriatic Pit, is indicated by the orange marker. The Palagruža Sill and the Strait of Otranto are included as geographical limits of the study
area.

sensors deployed at the EMSO-E2M3A South Adriatic re-
gional facility and ICOS ERIC observatory which is located
in the central and deepest part of the SAd, the SAP. Surface
pCO2 sw dynamics were characterized by strong seasonal
fluctuations, with a difference of 100 µatm between winter
and summer. In winter, average pCO2 sw was ∼ 380 µatm,
with marked increase especially during wintertime convec-
tion periods when CO2-rich intermediate and deep water
were upwelled to the surface. In summer, average values
increased up to around 500 µatm driven by higher sea sur-
face temperatures. The effect of biological processes was
difficult to identify due to lower availability of data dur-
ing post-convection/bloom periods. CO2 fluxes were charac-
terized by two distinct regimes of post-convection/summer
CO2 released to the atmosphere (mean summer month/-
source flux of +12.43 mmolm−2 d−1) and convection/win-
ter CO2 ocean uptake (mean winter months/sink flux of

−15.82 mmolm−2 d−1). One of the key results of this study
was to demonstrate that over the past decade the SAd acted
as a moderate carbon sink with mean annual FCO2 values
of about −0.97 mmolm−2 d−1. To evaluate the robustness of
the flux estimates, additional FCO2 calculations were per-
formed using different wind products, temporal aggregations
of the wind data, and gas transfer velocity parameterisations.
All configurations based on in situ wind observations consis-
tently indicated a net annual CO2 uptake, despite differences
in the magnitude of the estimated fluxes. Among the tested
methodological choices, the gas transfer velocity parameter-
isation exerted the largest influence on the annual flux esti-
mate, whereas the temporal aggregation of the wind data had
a comparatively smaller effect. Conversely, the use of ERA5
wind products highlighted the importance of accurately rep-
resenting the local wind field, as using a spatially averaged
wind field instead of the nearest grid point to EMSO-E2M3A
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changed the annual CO2 budget from a sink to a weak source.
Thus, careful consideration must be given to the wind prod-
uct selected as many oceanic areas lack in situ wind obser-
vations, model-derived wind products (e.g., ERA5, CCMP)
are used instead (Nickford et al., 2024). By proving to be
an important asset for model validation, the pCO2 sw and
hydrographic time series allowed to quantify existing spe-
cific discrepancies in the regional CMEMS model product
such as a lack in winter pCO2 sw increase, and over/under-
estimation of the seasonal amplitude. Nevertheless, the inte-
gration of model and observational data further confirms that
the SAd was a site of moderate atmospheric CO2 sink in the
last decade. The spatial distribution of modelled annual CO2
flux indicated that, despite regional heterogeneity and areas
of weaker uptake, the Southern Adriatic overall behaved as
a CO2 sink on annual basis. This also supports the relevance
of the EMSO-E2M3A observatory as a representative site for
investigating the main carbon flux dynamics in the central
part of the region. The SAd, as many other regions in the
Mediterranean Sea, is currently undergoing profound phys-
ical changes, including increasing sea surface temperature,
rising salinity, and the potential intensification of extreme
events (Iona et al., 2018). These trends are likely to affect
convection intensity and timing, with potential consequences
for carbon dynamics in the basin on a climatic scale. In this
context, the long-term monitoring carried out in the region,
by combining sustained in situ observations with modelling
approaches, is necessary to fully understand the complex in-
terplay between physical forcing, biogeochemical processes,
and carbon dynamics in the context of climate change.

Data availability. The in situ data used in this study are freely ac-
cessible at the National Oceanographic Data Center (NODC) of
the National Institute of Oceanography and Applied Geophysics
(https://doi.org/10.13120/y2hw-1j63; Cardin et al., 2025a). Model
data are also publicly available through the Copernicus Marine Ser-
vice website following the links provided in the manuscript.

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/bg-23-5399-2026-supplement.

Author contributions. CD: data curation, investigation, validation,
writing (original draft), writing (review and editing), conceptual-
isation, formal analysis. GCos: investigation, writing (review and
editing), conceptualisation. GCiv: investigation, writing (review and
editing), conceptualisation. MG: investigation, writing (review and
editing), conceptualisation. AR: investigation, writing (review and
editing), conceptualisation. VC: funding acquisition, project admin-
istration, investigation, writing (review and editing), conceptualisa-
tion, supervision.

Competing interests. The contact author has declared that none of
the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. This work benefited from access to the
E2M3A South Adriatic Regional Facility, an EMSO-IT/ICOS-IT
site operated by OGS. This study has been conducted using E.U.
Copernicus Marine Service Information. The authors are very grate-
ful to the OGS technical and biogeochemical teams, as well as the
CNR-ISP for their essential contributions and continued efforts in
operating and maintaining the EMSO/ICOS-E2M3A regional facil-
ity. The authors also acknowledge ChatGPT creators as it was used
to improve the English writing in some parts of this manuscript.

Financial support. The dataset used and the related activities were
partially funded by the EMSO Italian Joint Research Unit, OGS,
and the EU Next Generation EU programme (Mission 4, Compo-
nent 2, Investment 3.1: “Fund for the realisation of an integrated
system of research and innovation infrastructures”) under Project
IR0000032 – ITINERIS (Italian Integrated Environmental Research
Infrastructures System). Additional support for pCO2 instruments
data acquisition and calibration was also provided by ICOS.

Review statement. This paper was edited by Hermann Bange and
reviewed by three anonymous referees.

References

Agustí-Panareda, A., Barré, J., Massart, S., Inness, A., Aben, I.,
Ades, M., Baier, B. C., Balsamo, G., Borsdorff, T., Bousserez,
N., Boussetta, S., Buchwitz, M., Cantarello, L., Crevoisier, C.,
Engelen, R., Eskes, H., Flemming, J., Garrigues, S., Hasekamp,
O., Huijnen, V., Jones, L., Kipling, Z., Langerock, B., Mc-
Norton, J., Meilhac, N., Noël, S., Parrington, M., Peuch, V.-
H., Ramonet, M., Razinger, M., Reuter, M., Ribas, R., Suttie,
M., Sweeney, C., Tarniewicz, J., and Wu, L.: Technical note:
The CAMS greenhouse gas reanalysis from 2003 to 2020, At-
mos. Chem. Phys., 23, 3829–3859, https://doi.org/10.5194/acp-
23-3829-2023, 2023.

Álvarez, M., Sanleón-Bartolomé, H., Tanhua, T., Mintrop, L.,
Luchetta, A., Cantoni, C., Schroeder, K., and Civitarese, G.: The
CO2 system in the Mediterranean Sea: a basin wide perspective,
Ocean Sci., 10, 69–92, https://doi.org/10.5194/os-10-69-2014,
2014.

Álvarez, M., Catala, S.T., Civitarese, G., Coppola, L., Hassoun,
A., Ibello, V., Lazzari, P., Lefevre, D., Macias, D., San-

Biogeosciences, 23, 5399–5418, 2026 https://doi.org/10.5194/bg-23-5399-2026

https://doi.org/10.13120/y2hw-1j63
https://doi.org/10.5194/bg-23-5399-2026-supplement
https://doi.org/10.5194/acp-23-3829-2023
https://doi.org/10.5194/acp-23-3829-2023
https://doi.org/10.5194/os-10-69-2014


C. Dentico et al.: Air–sea CO2 exchange in the Southern Adriatic Sea 5413

tinelli, C., and Ulse, C.: Mediterranean Sea general biogeochem
istry, in: Oceanography of the Mediterranean Sea, edited by:
Schroeder, K., and Chiggiato, J., Elsevier, Amsterdam, 387–451,
https://doi.org/10.1016/B978-0-12-823692-5.00004-2, 2023.

Álvarez, M., García-Ibáñez, M. I., Lange, N., Kozyr, A., Velo, A.,
Tanhua, T., Civitarese, G., Cantoni, C., Belgacem, M., Schroeder,
K., Acerbi, R., Coppola, L., Wagener, T., Fajar, N. M., Flecha,
S., Giani, M., Giannoudi, L., Guallart, E. F., Hassoun, A. E. R.,
Huertas, E. I., Ibello, V., Keraghel, M. A., Louanchi, F., Luchetta,
A., Pérez, F. F., Schirnick, C., Souvermezoglou, E., Urbini, L.,
Vidal, M., and Ziveri, P.: CARIMED (CARbon, tracers, and an-
cillary data In the MEDiterranean Sea): a ship-based data syn-
thesis product – overview and quality control procedures, Earth
Syst. Sci. Data, 18, 4915–4941, https://doi.org/10.5194/essd-18-
4915-2026, 2026.

Amitai, Y., Ashkenazy, Y., and Gildor, H.: The Effect of the Source
of Deep Water in the Eastern Mediterranean on Western Mediter-
ranean Intermediate and Deep Water, Front. Mar. Sci., 7, 615975,
https://doi.org/10.3389/fmars.2020.615975, 2021.

Amorim, F. L. L., Le Meur, J., Wirth, A., and Cardin, V.: Tipping of
the double-diffusive regime in the southern Adriatic Pit in 2017
in connection with record high-salinity values, Ocean Sci., 20,
463–474, https://doi.org/10.5194/os-20-463-2024, 2024.

Bakker, D. C. E., Pfeil, B., Landa, C. S., Metzl, N., O’Brien, K.
M., Olsen, A., Smith, K., Cosca, C., Harasawa, S., Jones, S. D.,
Nakaoka, S., Nojiri, Y., Schuster, U., Steinhoff, T., Sweeney, C.,
Takahashi, T., Tilbrook, B., Wada, C., Wanninkhof, R., Alin, S.
R., Balestrini, C. F., Barbero, L., Bates, N. R., Bianchi, A. A.,
Bonou, F., Boutin, J., Bozec, Y., Burger, E. F., Cai, W.-J., Castle,
R. D., Chen, L., Chierici, M., Currie, K., Evans, W., Feather-
stone, C., Feely, R. A., Fransson, A., Goyet, C., Greenwood, N.,
Gregor, L., Hankin, S., Hardman-Mountford, N. J., Harlay, J.,
Hauck, J., Hoppema, M., Humphreys, M. P., Hunt, C. W., Huss,
B., Ibánhez, J. S. P., Johannessen, T., Keeling, R., Kitidis, V.,
Körtzinger, A., Kozyr, A., Krasakopoulou, E., Kuwata, A., Land-
schützer, P., Lauvset, S. K., Lefèvre, N., Lo Monaco, C., Manke,
A., Mathis, J. T., Merlivat, L., Millero, F. J., Monteiro, P. M. S.,
Munro, D. R., Murata, A., Newberger, T., Omar, A. M., Ono, T.,
Paterson, K., Pearce, D., Pierrot, D., Robbins, L. L., Saito, S.,
Salisbury, J., Schlitzer, R., Schneider, B., Schweitzer, R., Sieger,
R., Skjelvan, I., Sullivan, K. F., Sutherland, S. C., Sutton, A. J.,
Tadokoro, K., Telszewski, M., Tuma, M., van Heuven, S. M. A.
C., Vandemark, D., Ward, B., Watson, A. J., and Xu, S.: A multi-
decade record of high-quality f CO2 data in version 3 of the Sur-
face Ocean CO2 Atlas (SOCAT), Earth Syst. Sci. Data, 8, 383–
413, https://doi.org/10.5194/essd-8-383-2016, 2016.

Bakker, D. C., Alin, S. R., Bates, N. R., Becker, M., Feely, R.
A., and Gritzalis, T.: SOCAT version 2023 – An alarming de-
cline in the ocean CO2 observing capacity, NCEI [data set],
https://doi.org/10.25921/r7xa-bt92 (last access: 1 June 2026),
2023.

Bakker, D. C. E., Alin, S. R., Bates, N., Ehmen, T., Gkritzalis, T.,
Jones, S. D., Kamb, L., Kozyr, A., Lauvset, S. K., Macovei, V.
A., Metzl, N., Nakaoka, S., O’Brien, K. M., Olsen, A., Pier-
rot, D., Poelmans, S., Steinhoff, T., Sutton, A. J., Sweeney, C.,
Takao, S., Telszewski, M., Theetaert, H., Tilbrook, B., Wada, C.,
Wanninkhof, R., Akl, J., Aramaki, T., Arbilla, L. A., Avila, R.,
Baier, B., Barbero, L., Battisti, R., Beatty, C. M., Becker, H.,
Benoit-Cattin, A., Berghoff, C. F., Bittig, H. C., Bonin, J. A.,

Bozzano, R., Burger, E. F., Cai, W.,; Cantoni, C., Castelli, G.,
Castro Á. A., Chambers, D. P., Chierici, M., Cronin, M., Cu-
biella, Á. H., Curbelo-Hernández, D., Curless, S., Czyz, C., Di-
verrès, D., Dougherty, S., Enochs, I. C., Enright, M. P., Enyo,
K., Evans, W., Feely, R. A., Flohr, A., Fragiacomo, E., Fran-
goulis, C., Fransson, A., Gehrung, M., Glockzin, M., González,
A. G., González-Dávila, M., González-Santana, D., Hales, B.,
Hamnca, S., Hartman, S. E., Hermes, R., Herndon, J., Hoppema,
M., Howard, E., Huertas, I. E., Kerr, R., Kristensen, T., Land-
schützer, P., Lee, C. M., Lee, H., Lefèvre, N., Leseurre, C., Lo
Monaco, C., Luchetta, A., Maenner Jones, S., Manalang, D.,
McAuliffe, Anna M., Mdokwana, B., Monacci, N. M., Monteiro,
P. M. S., Morell, J. M., Munro, D. R., Neill, C., Newberger, T.,
Nickford, S. E., Nilsson, E., Noakes, S., Noh, J-H., Noisel, C.,
O’Brien, C., Olivier, L., Omar, A. M., Orselli, I., Padín, X. A.,
Pena González, L. D., Pensieri, S., Prytherch, J., Rehder, G., Rut-
gersson, A., Sabine, C. L., Sallée, J-B., Sanders, R., Santana-
Casiano, J. M., Sarpe, D., Schirnick, C., Schlitzer, R., Shad-
wick, E. H., Skjelvan, I., T’Jampens, M., Tamsitt, V., Toledo
Aboy, A. E., Tovar-Sánchez, A., Tsanwani, M., van de Velde,
S., van Ooijen, E., Vandemark, D., Veccia, M. H., Voynova, Y.
G., Williams, N. L., and Xu, Y.-Y.: Surface Ocean CO2 At-
las Database Version 2026 (SOCATv2026) (NCEI Accession
0315110), NOAA National Centers for Environmental Informa-
tion [dataset], https://doi.org/10.25921/8dba-fr90, 2026.

Benson, B. B. and Krause, D.: The concentration and isotopic frac-
tionation of oxygen dissolved in freshwater and seawater in equi-
librium with the atmosphere1, Limnol. Oceanogr., 29, 620–632,
https://doi.org/10.4319/lo.1984.29.3.0620, 1984.

Cantoni, C., Luchetta, A., Chiggiato, J., Cozzi, S., Schroeder, K.,
and Langone, L.: Dense water flow and carbonate system in the
southern Adriatic: A focus on the 2012 event, Marine Geol., 375,
15–27, https://doi.org/10.1016/j.margeo.2015.08.013, 2016.

Cantoni, C., De Vittor, C., Faganeli, J., Giani, M., Kovač, N., Malej,
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