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Abstract. 18 

The Levantine Basin is an ultra-oligotrophic region and the formation site of the Levantine Intermediate Waters. For 19 
the first time, aWater. A high-resolution 3D coupled hydrodynamic-biogeochemical model,  (SYMPHONIE-20 
Eco3MS,) was used to investigate the seasonal and interannual variability of dissolved oxygen (O2) in the Levantine 21 
Basin and to estimate its basin-wide budget forover the period 2013–2020. OurThe model results show that the 22 
simulated O2 concentrations align well with in situ data from research cruises and Argo floats.a pronounced seasonal 23 
cycle of air-sea exchanges. During winter, cooling and vertical mixing induce an undersaturation in oxygen of the 24 
surface layer is undersaturated in oxygen by up to 2% across the entire basin, leading to atmospheric oxygen 25 
absorption. The model In contrast, during the stratified period, primary production and warming induce a slight 26 
oversaturation and subsequent oxygen release to the atmosphere. The annual budget over the 7-year period shows that 27 
on an annual scale, the basin acts as a net sink for atmospheric oxygen, with the Rhodes Gyre exhibiting uptake rates 28 
twice as high as the rest of the Levantine Basin. The . The oxygen budget analyses further indicate that the surface 29 
layer also serves(0-150m) acts as a source of dissolved oxygen for intermediate depths, with 4.2 ± 1.1 mol m-2 year-1 30 
of dissolved oxygen vertically transported. Oxygen is transported laterally through winter vertical export, whose 31 
amplitude is significantly governed by the magnitude of heat fluxes. At the basin and annual scale, we estimate a net 32 
lateral oxygen input into the basin from the Ionian Sea and exporteda net export towards the Aegean Sea, with winter 33 

Style Definition: Subtitle

Style Definition: Title

Style Definition: Heading 6

Style Definition: Heading 5

Style Definition: Heading 4

Style Definition: Heading 3

Style Definition: Heading 2

Style Definition: Heading 1

Formatted: Numbering: Continuous



 

2 

heat loss intensity enhancing this lateral export at both surface and intermediate layers. The enhanced when winter 34 
heat loss is intense. Biogeochemically, the Levantine Basin alternates between autotrophic and heterotrophic states on 35 
an annual basis, depending on the intensity of winter surface heat loss. Spatially, the Rhodes Gyre, a quasi-permanent 36 
cyclonic structure and major site of intermediate water formation, emerges as a significant oxygen pump in winter, 37 
with annual uptake rates twice as high as the rest of the Levantine Basin, and shows enhanced biological production 38 
during the productive season, contributing to 41% of the totalnet annual oxygen production in the surface layer in the 39 
Levantine basin. This study highlights the need for further modeling studies on pluri-annual and multi-decadal scales 40 
to explore the interannual variability and evolution of the annual oxygen budget across the entire Eastern Basin, 41 
particularly in the context of climate change. 42 

1 Introduction 43 

Dissolved oxygen (O2) is essential for marine life, supporting respiration of living organisms and the oxidation of 44 
organic matter, thereby regulating nutrient cycling and thereforeorganic matter remineralization, and influencing the 45 
biogeochemical cycles of important elements in the ocean. (Breitburg et al., 2018; Gruber, 2011; Morée et al., 2023). 46 
The ocean’s oxygen inventory is primarily controlled by its production through photosynthesis, respiration of organic 47 
matter,and its consumption through remineralization, as well as by temperature and salinity-dependent oxygen 48 
solubility, air-sea exchange and the mixing and advective fluxes influencing the ventilation of water masses. (Sanders 49 
et al. 2026; Helm et al, 2011). Since 1960, the total oxygen inventory has decreased by 2% in the Global Ocean 50 
(Schmidtko et al., 2017). This decrease in oxygen inventory referred to as deoxygenation has been, a decline primarily 51 
attributed to the global warming which leads to the reduction of-induced reductions in oxygen solubility, explaining 52 
~15% of the current total global oxygen loss (Schmidtko et al., 2017), and the increase ofto enhanced upper -ocean 53 
stratification generating a reduction of, which limits vertical ventilation and circulation of deep ocean layers (Helm et 54 
al., 2011; Schmidtko et al., 2017).; Breitburg et al., 2018; Stramma and Schmidtko, 2021). However, oxygen changes 55 
present large regional and temporal variability heterogeneity (Schmidtko et al., 2017; Stramma and Schmidtko, 56 
2021Levin, 2018, Feucher et al., 2022; Kolodziejczyk et al., 2024; Wu et al, 2025). The decline in oxygen inventory 57 
induced by global warming, combined with seasonal, interannual, and decadal variations, is barely detectable, making 58 
long-term trends difficult to detect in the upper layerocean. Identifying the relative contribution of the water column. 59 
The description and assessment of the variousphysical and biogeochemical drivers and processes influencing oxygen 60 
changes may provide valuable insight into the complexis therefore essential to better understand regional variations 61 
in oxygen dynamics.  62 

The objective of the present work is to assess the main mechanisms controlling the oxygen changes and budget in the 63 
ultra-oligotrophic south-eastern Mediterranean Sea at seasonal and interannual time scales over 7 years. The 64 
Mediterranean Sea is a well-ventilated basin compared to the World Ocean (Schneider et al., 2014; Tanhua et al., 65 
2013). The low salinity Atlantic Water (AW) enters the surface layer through the Gibraltar Strait and travels towards 66 
the eastern sub-basin. It gradually transforms into a more saline Mediterranean Water due to the air-sea heat and 67 
moisture fluxes (Malanotte-Rizzoli et al., 2014). Reaching the Levantine Basin (Fig. 1), the Modified AW (MAW) 68 
subducts under the warm and saline Levantine Surface Water (LSW) in summer. During winter, surface heat loss 69 
increases water density, triggering vertical mixing that reaches intermediate depths and leads to the formation of the 70 
Levantine Intermediate Water (LIW). The Rhodes Gyre, a permanent cyclone in the northwest of the Levantine Basin 71 
(Lascaratos et al., 1999; Lascaratos and Nittis, 1998; Sur et al., 1993), has been identified as the main area of LIW 72 
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formation. Then, LIW propagates between 200-600 m in the whole Mediterranean (Brasseur et al., 1996). This water 73 
impacts the deep water formation in both the Adriatic Sea (Gačić et al., 2010; Lascaratos et al., 1999) and the Gulf of 74 
Lion (Schneider et al., 2014), acting as a preconditioning factor for these water formations with its high salinity. Part 75 
of LIW also exits the Mediterranean Sea, flowing toward the Atlantic.  76 

The Levantine Basin is considered an ultra-oligotrophic region, except the Rhodes Gyre, where winter vertical 77 
convection enriches the surface layer with nutrients, stimulating organic carbon production (D’Ortenzio et al., 2021; 78 
Lavigne et al., 2013) and its export to the intermediate and surrounding areas (Habib et al., 2023). Previous studies 79 
have investigated the oxygen distribution and dynamics in this region (Di Biagio et al., 2022; Klein et al., 2003; Manca 80 
et al., 2004; Mavropoulou et al., 2020; Schlitzer et al., 1991; Tanhua et al., 2013). The vertical distribution in the basin 81 
is characterized by a surface layer exhibiting seasonal variability. During the stratified period, the upper waters present 82 
an oversaturated surface water and a sub-surface oxygen maximum (235 µmol kg-1) between 50-80 m (Di Biagio et 83 
al., 2022; Kress et al., 2003; Mavropoulou et al., 2020), attributed to various processes such as primary production 84 
within that layer, or alternatively, downward transport mechanisms like subduction (Di Biagio et al., 2022). In winter, 85 
the oxygen vertical profile shows an upper mixed layer with maximum dissolved concentrations of 240 µmol kg-1, 86 
characterised by an undersaturation in oxygen at the surface related to the atmosphere. At intermediate depths, the 87 
LIW oxygen has values ranging from 197 to 210 µmol kg-1 (Mavropoulou et al., 2020). An Oxygen Minimum Layer 88 
(OML) is located between 600-1200 m with a minimum concentration of 170/180 µmol kg-1 (Tanhua et al., 2013). 89 
Below this layer, deep waters originating from the Adriatic and Aegean seas present values above 185 µmol kg-1, 90 
slightly higher than the ones recorded for the OML (Mavropoulou et al., 2020).  91 

The Levantine Basin shows spatial changes in oxygen content occurring at short, annual, and decadal time scales 92 
(Kress et al., 2014; Sisma-Ventura et al., 2016). The modeling study by Cossarini et al. (2021) showed a negative 93 
trend in oxygen concentration at the surface of the Mediterranean Sea due to the surface temperature increase over the 94 
past two decades (Escudier et al., 2021; Ozer et al., 2016; 2022). Mavropoulou et al. (2020) highlighted a variability 95 
in deep and intermediate layers' oxygen concentration linked to shifts in the formation location of water masses 96 
between the Adriatic and the Aegean seas. In particular, in the 1990s, during the Eastern Mediterranean Transient 97 
(EMT), warmer, saltier, and more oxygenated waters originating from the Aegean Sea flowed into the deep layers of 98 
the Levantine Basin (Lascaratos et al., 1999). A net decrease in the oxygen inventory in deeper layers (1200-2000 m) 99 
of the southeastern Levantine Basin over the 20 years from 2002 to 2020 has also been pointed out by Sisma-Ventura 100 
et al. (2021), reflecting a return to pre-EMT state due to mixing between Aegean and Adriatic waters. The Levantine 101 
Basin, in the south-easternmost Mediterranean Sea (Fig. 1) is an ultra-oligotrophic region characterized by 102 
exceptionally low primary productivity (Kress and Herut, 2001) and is particularly sensitive to changes in ventilation 103 
and biogeochemical processes. As the area of the formation of the Levantine Intermediate Water (LIW) which 104 
subsequently supplies the Eastern Intermediate Water (EIW), propagating throughout the entire Mediterranean Sea at 105 
intermediate depths (Brasseur et al., 1996), the Levantine Basin plays a crucial role in basin-scale ventilation (Kress 106 
et al., 2003). Its vertical structure of dissolved oxygen reflects the complex interplay of physical, biological, and 107 
chemical processes occurring at several temporal and spatial scales. The surface and intermediate waters characterized 108 
by exchanges with the atmosphere are well oxygenated, with a pronounced ventilation in the Rhodes Gyre, a 109 
permanent cyclone in the northwest of the basin, which has traditionally been identified as the major area of LIW 110 
formation (Lascaratos et al., 1999; Lascaratos and Nittis, 1998; Sur et al., 1993). The upper layer (0-150m) exhibits 111 
seasonal variability, with maximum oxygen values located in the mixed layer in winter, while during the stratification 112 
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period, a subsurface oxygen maximum layer develops near 80 m depth, mostly attributed to both physical trapping of 113 
oxygen in Atlantic Water and biological production (Kress and Herut, 2001; Di Biagio et al., 2022). Beyond the 114 
seasonal signal associated with local processes, the properties of the upper layer are also influenced by the general 115 
eastern Mediterranean circulation and in particular the Adriatic-Ionian Bimodal Oscillation System (BiOS) (Gacic et 116 

al., 2010, 2011; Velaoras et al. 2014; Menna et al., 2022), characterized by two alternating circulation regimes: 117 
during the anti-cyclonic phase of the Northern Ionian Gyre (NIG), Atlantic Water (AW) flowing across the Sicily 118 
Channel is preferentially directed northwards, toward the Adriatic Sea, while during its cyclonic phase, AW, directed 119 
eastward, mostly supplies the Levantine Basin. The BiOS process presents quasi-decadal variability and has been 120 
proposed as a driver of changes in the thermohaline and biogeochemistry in the Adriatic and Levantine seas (Civitarese 121 
et al., 2010; Velaoras et al. 2014; Ozer et al., 2017; Ozer et al., 2022; Di Biagio et al., 2023; Civitarese et al., 2023). 122 
Below the euphotic layer, oxygen concentrations decline with an Oxygen Minimum Layer (OML) located below the 123 
Intermediate Water between 600 and 1200 m (Cardin et al., 2015; Mavropoulou et al., 2020) and characterized by 124 
concentrations of 170/180 µmol kg-1 (Tanhua et al., 2013). Deep water masses of the sub-basin are sensitive to 125 
variations in deep-water formation and circulation taking place in the Eastern Mediterranean. After the Eastern 126 
Mediterranean Transient (EMT) in the early 1990’s when the deep water formation area shifted from the Adriatic to 127 
the Aegean Sea, an increase of oxygen was documented in the deeper layers in response to the inflow below 2500 m 128 
of more oxygenated waters originating from the Aegean Sea (Lascaratos et al., 1999; Mavropoulou et al., 2020). This 129 
was accompanied with the upward displacement of the older Adriatic-origin deep waters and of the OML. More recent 130 
observations, however, indicate a deoxygenation trend since 2008, attributed to weakened deep water formation and 131 
reduced ventilation rates as a progressive return to pre-EMT characteristics with an homogenized deep layer (Sisma-132 
Ventura et al., 2021).  133 

To date, the oxygen inventory in the Eastern Mediterranean Basin remains poorly understood, with limited spatial and 134 
temporal observations in the area, the variability of oxygen inventory in the Levantine Basin, remains poorly 135 
understood,  and there is no proposed comprehensive budget quantification for the entire region. TheIn the framework 136 
of the PERLE (Pelagic Ecosystem Response to Deep Water Formation in the Levant Experiment) project aimed to 137 
gain insights into the biogeochemical cycles in this region through multi-platform observations and modelling. The 138 
objective of the present work is to assess the main mechanisms controlling the oxygen changes and budget in the ultra-139 
oligotrophic south-eastern Mediterranean Sea at seasonal and interannual time scales over 7 years. In this study, we 140 
quantify, Conan and Durrieu De Madron, 2019) project, the present work aims at quantifying the seasonal and 141 
interannual variations in the oxygen inventory of the Levantine surface and intermediate water masses, detailing the 142 
contribution of air-sea oxygen fluxes, biologicalbiogeochemical and physical processesfluxes. This analysis is based 143 
on 3D coupled hydrodynamic-biogeochemical model outputs covering a period of 7 years, from 2013 to 2020. 144 
Following on the budget approach developed by Ulses et al. (2021) for the north-western Mediterranean Sea, we 145 
investigate the ultra-oligotrophic Levantine Basin and provide a basin-scale quantification of its dissolved oxygen 146 
budget, highlighting the role of transport processes and permanent circulation features such as the Rhodes Gyre. 147 

After the introduction (Sect. 1), this paper is organized as follows. Sect. 2 describes the coupled hydrodynamic-148 
biogeochemical model implemented in the Levantine Basin and observations used for the model assessment. Sect. 3 149 
first presents an assessment of the model results using in situ observations. Sect. , then3 investigates the seasonal and 150 
interannual dynamics of oxygen in the surface and intermediate layers for the Levantine Basin, describes its spatial 151 
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variability, and finally estimates an annual budget of oxygen, and finally describes its spatial variability. This section 152 
is followed by a discussion of the results and a conclusion in Sect. 4 and 5, respectively. 153 

 154 

Figure 1: Model domain and bathymetry (m, background) in the Eastern Mediterranean. The arrows represent 155 
the simulated surface currents averaged over the study 7-year period (2013-2020), black thick lines delimit the 156 
basin for the budget calculation. Red, yellow, and green dots indicate BGC-Argo floats trajectories, PERLE-1, 157 
and PERLE-2 cruise stations, respectively, and white crosses CARIMED cruise stations, over the period from 158 
2013 to 2021. Blue dots in the insert represent the river mouths. 159 

 160 

2. Material and Method 161 

2.1 Modeling 162 

2.1.1 The coupled hydrodynamic-biogeochemical model 163 

The modeling presented in this study is based on the biogeochemical model Eco3M-S forced offline by the ocean 164 
circulation model SYMPHONIE, described in detail in Marsaleix et al. (2006, 2008), Estournel et al. (2016), and 165 
Damien et al. (2017). This latter is a 3D primitive equation model with a free surface and generalized sigma vertical 166 
coordinate previously used to simulate the hydrodynamic conditions of the Mediterranean Sea: in river plumes 167 
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(Estournel et al., 1997, 2001; Marsaleix et al., 1998), for dense water formation (Estournel et al., 2005, 2016; 168 
Herrmann et al., 2008; Ulses et al., 2008) and shelf-slope exchanges (Mikolajczak et al., 2020).  169 

We used the biogeochemical model  This study is based on a Mediterranean configuration of the ocean circulation 170 
model SYMPHONIE (Marsaleix et al. 2006; 2008), forcing offline the biogeochemical model Eco3M-S (Ulses et al., 171 
2016; 2023). The horizontal resolution of the model grid varies from 2.3 to 4.5 km, with a refined resolution of 1.3 172 
km in the Gibraltar Strait. The vertical grid has 60 vertical vanishing quasi sigma levels. More details can be found in 173 
Estournel et al. (2021).  174 

Eco3M-S, is a multi-nutrient and multi-plankton functional type model, representing the dynamics of the pelagic 175 
plankton ecosystem and the cycles of carbon, nitrogen, phosphorus, silicon, and oxygen (Auger et al., 2011; Ulses et 176 
al., 2023). The phytoplankton is represented by three size classes: pico-, nano-, and micro-phytoplankton (named class 177 
1, 2, and 3, respectively), with variable internal ratios. The zooplankton is also represented by three size classes: nano-178 
, micro-, and mesozooplankton (named class 1, 2, and 3, respectively). A compartment of bacteria has been explicitly 179 
taken into account. The internal composition varies for phytoplankton and remains constant for heterotrophic 180 
organisms. Four dissolved inorganic nutrients have been considered: nitrate, ammonium, phosphate, and silicate. In 181 
addition to dissolved organic matter (DOM), particulate organic matter (POM) has been divided into two weight 182 
classes, namely light and heavy. The biogeochemical model was previously used to study the dynamics of the 183 
planktonic ecosystems and organic carbon (Auger et al., 2014; Herrmann et al., 2013; Kessouri et al., 2018; Many et 184 
al., 2021; Ulses et al., 2016), as well as the nitrogen and phosphorus cycles (Kessouri et al., 2017)⁠, and the oxygen 185 
dynamics (Ulses et al., 2021) ⁠in the northwestern Mediterranean Sea.(Auger et al., 2011; Ulses et al., 2023), with 37 186 
state variables. The rate of change of dissolved oxygen concentration due to biogeochemistry in the water column is 187 
calculated based on the following equation:  188 

𝑑𝐷𝑂𝑥
𝑑𝑡 ='

!

"#$
(𝐺𝑃𝑃" − 𝑅𝑒𝑠𝑝𝑃ℎ𝑦")𝛾%/'() −'

!

"#$
(𝑅𝑒𝑠𝑝𝑍𝑜𝑜")𝛾%/'() − 𝑅𝑒𝑠𝑝𝐵𝑎𝑐	𝛾%/'() 189 

														+	(𝑈𝑝𝑡𝑃ℎ𝑦 ",+(! −𝑁𝑖𝑡𝑟𝑖𝑓)𝛾+,"/'()  (Eq. 1) 190 

 191 

The dissolved oxygen concentration is represented by the term 𝐷𝑂𝑥. GPPi and RespPhyi are gross primary production 192 

and respiration, respectively, for phytoplankton group i. RespZooi and RespBac are respiration of zooplankton group 193 

i and of bacteria, UptPhyi,NO3, and Nitrif uptake of nitrate by phytoplankton class i, and nitrification, respectively. 194 

𝛾%/'() and 𝛾+,"/'() , equal to 1 and 2, respectively, are the moles of DOx used per mole of C in respiration and 195 

needed to oxidize one mole of ammonium in nitrification as described in Grégoire et al. (2008). The flux of dissolved 196 

oxygen at the air-sea interface is calculated using the Garcia and Gordon (1992) equation for the solubility, and the 197 

parametrization of Wanninkhof and McGillis (1999)⁠ for the transfer velocity, following the study of Ulses et al. (2021) 198 

in the northwestern Mediterranean deep convection area. 199 

The flux of dissolved oxygen at the air-sea interface is governed by the following equation: 200 

𝐷𝑂𝑥𝐹𝑙𝑢𝑥 = 𝐾𝑤(𝐷𝑂𝑥𝑆𝑎𝑡 − 𝐷𝑂𝑥𝑆𝑢𝑟𝑓)  (Eq. 2) 201 
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𝐷𝑂𝑥𝑆𝑎𝑡	represents the oxygen saturation also known as solubility and 𝐷𝑂𝑥𝑆𝑢𝑟𝑓	the concentration of dissolved 202 
oxygen at the surface. The dissolved oxygen at solubility level is determined using the Garcia and Gordon (1992)⁠ 203 
equation. The oxygen saturation anomaly (OSA, expressed in percentage) is defined as the difference between the 204 
dissolved oxygen concentration and the solubility: (𝐷𝑂𝑥 − 𝐷𝑂𝑥𝑆𝑎𝑡)/𝐷𝑂𝑥𝑆𝑎𝑡	x100 %. 𝐾𝑤	represents the O2 transfer 205 
velocity in m s-1. We used the parametrization of Wanninkhof and McGillis (1999)⁠ with a cubic dependency to the 206 
10-m wind speed following the study of Ulses et al. (2021) in the northwestern Mediterranean deep convection area, 207 
which obtained the best fits with in situ observations of oxygen concentration using this parametrization. 208 

2.1.2 Implementation 209 

2.1.2 Initialisation and boundary conditions 210 

The implementation of the coupled physical-biogeochemical model was described in detail in Estournel et al. (2021) 211 
and Habib et al. (2023). The hydrodynamic model covers the Mediterranean Sea and the Marmara Sea and it extends 212 
to 8° west in the Gulf of Cadiz.The horizontal resolution varies between 2.3 and 4.5 km, in general. A narrowing was 213 
conducted in the Gibraltar Strait with a 1.3 km grid for a better representation of the exchange area between the 214 
Mediterranean Sea and the Atlantic Ocean. The model has 60 vertical vanishing quasi sigma levels (Estournel et al., 215 
2021) with closer levels near the surface.. The period simulated by the hydrodynamic model runs from May 2011 to 216 
May 2021. This model configuration was used to describe the surface and intermediate water circulations in the eastern 217 
Mediterranean Sea (Estournel et al., 2021). Atmospheric forcings for both hydrodynamic and biogeochemical models 218 
were provided by the HRES (atmospheric model High RESolution forecast) product of ECMWF model with a 219 
horizontal resolution of 1/8° using hourly fields (wind, air temperature and humidity, pressure, solar and downward 220 
longwave radiation, and precipitation). The model accounts for a total of 142 rivers (Fig. 1).  221 

The biogeochemical model Eco3M-S was forced by daily fields of temperature, salinity, current, and vertical 222 
diffusivity from the SYMPHONIE model. It covers the period between August 2011 till March 2021. The two first 223 
two years for(July 2011–December 2013) of the biogeochemical simulation were dedicated to model were considered 224 
as a spin-up to ensure biogeochemical stability and were not considered in the analysis. We used wind speed, while 225 
the December 2013– December 2020 period was used for the budget analysis. This period was selected based on the 226 
availability of consistent physical forcing and solar radiation atmospheric forcings provided by the ECMWF the 227 
density of in situ observations for model as for the hydrodynamic simulationinitialization and validation. The 228 
biogeochemical model was initialized using climatological fields of in situ nutrient and dissolved oxygen 229 
concentrations from the CARIMED (CARbon in the MEDiterranean Sea, Alvarez et al., 2019) database and 230 
Biogeochemical-Argo (BGC-Argo) float data over the 2011-2012 summer periods when data were available, in 10 231 
sub-regions. At the river mouths, of 142 rivers taking into account (Fig. 1), concentrations of nutrients were imposed 232 
by sub-basin using the dataset of Ludwig et al. (2010). Dissolved oxygen at river mouths was set at saturation values. 233 
In the Atlantic Ocean, nutrients were prescribed using monthly profiles from the World Ocean Atlas 2009 climatology 234 
at 5.5 °W. In the Marmara Sea, to represent a two-layer flow regime, we imposed a daily relaxation towards a nutrient 235 
concentration of 0.24 and 1.03 mmol N m-3 and a phosphate concentration of 0.06 and 0.05 mmol P m-3 for depths 236 
above and below 15 m, respectively, based on the observations near the Dardanelles Strait from (Tugrul et al., 2002).   237 
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2.1.3 Study area and budgetBudget calculation 238 

The studyFor spatial mean and budget calculation, we defined an area (delimited by the black lines, in Fig. 1) 239 
coverscovering 540 000 m2. For spatial mean and budget calculation, the, with the boundary with the Ionian Sea 240 
linking the southwestern Cretan coast to the Libyan coast. The water column was divided into three layers based on 241 
the thermohaline structure represented by the physical model (Estournel et al., 2021) and the associated dominant 242 
biogeochemical processes as well the depth of the LIW: the surface layer defined as the photic layer covering the 243 
surface to 150 m depth where photosynthesis takes place, the underlying intermediate layer from 150 to 400 m where 244 
LIW flows, and the deep layer below 400 m (Estournel et al., 2021).. In this study, we will be focusing on the first 245 
two layers, as where changes at greater depths are very slow over the 8-year period and barely detectable, in particular 246 
related to LIW formation, occur generally more rapidly. The biogeochemical term of the oxygen budget is the sum of 247 
oxygen production due to gross primary production and nitrate uptake by phytoplankton, and of oxygen consumption 248 
through nitrification and community respiration. The physical term is divided into two components: the lateral and the 249 
vertical transports, which are both due to advection and mixing processes. The lateral transport represents the 250 
exchanges at the boundaries with the Ionian and Aegean seas. A negative lateral transport indicates a net export of 251 
oxygen from the considered layer of the Levantine Basin. The oxygen inventory, air-sea fluxes, biogeochemical fluxes, 252 
and lateral fluxes were calculated online while the vertical transport, defined as a net flux at the layer interface, was 253 
deduced from the other terms of the budget. The budget calculation is detailed in Text S1 in Supplement Material.  254 
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 255 

Figure 1: Model domain and bathymetry (m, background) in the Eastern Mediterranean. The arrows represent 256 
the simulated surface currents averaged over the study 7-year period (2013-2020), black thick lines delimit the 257 
basin for the budget calculation. Red, yellow, and green dots indicate BGC-Argo floats trajectories, PERLE-1, 258 
and PERLE-2 cruise stations, respectively, and white crosses CARIMED cruise stations, over the period from 259 
2013 to 2021. Blue dots in the insert represent the river mouths. 260 

2.2.2 Observations for model  Model assessment 261 

2.2.1. Argo float data  262 

In order to assess the modeled temporal and spatial evolutions of the oxygen concentration, we use observations from 263 
Argo floats that were deployed in the Levantine Basin during the periods of 2013-2015 and 2015-2018. In particular, 264 
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we present comparisons with data provided by the two BGC-Argo floats 6901528 and 6901764 (151 and 173 vertical 265 
profiles, respectively). Temperature and salinity measurements were also extracted to calculate oxygen solubility. The 266 
oxygen data were downloaded from the Argo Global Data Assembly Center web portal accessible through the Coriolis 267 
database (http://www.coriolis.eu.org). Calibration of dissolved oxygen was performed at the deployment using in situ 268 
observations from 0 to 1000 m depth (Winkler titration). The calibration and the deployment strategy are detailed in 269 
(Thierry et al., 2021). The uncertainties of the measurements were estimated at ~ 2-10 µmol kg-1 depending on the 270 
sensor (Grégoire et al., 2021). 271 

2.1.2 Cruise data and seawater measurements 272 

During the period from October 2018 to March 2019, biogeochemical measurements were made in the context of 273 
PERLE (D’Ortenzio et al., 2021) in the Levantine Basin to describe the preconditioning and dispersion of the 274 
Levantine Intermediate Water (LIW) and to assess its role in structuring the phytoplankton ecosystem. In this study, 275 
we use data from two PERLE cruises: PERLE-1 276 
(https://campagnes.flotteoceanographique.fr/campagnes/18000848/fr/) on board R/V l’Atalante in October 2018 and 277 
PERLE-2 on board R/V Pourquoi Pas? in February-March 2019 (Conan and Durrieu De Madron, 2019). PERLE-1 278 
covers the period of the preconditioning of LIW formation during which an array of 25 CTD casts was set up. PERLE-279 
2 covers the water formation period with 29 CTD oxygen casts (Fourrier, 2020). Stations of PERLE cruises are 280 
indicated in Fig. 1. Winkler analyses were performed onboard using photometric endpoint detection to adjust the 281 
SBE43 raw data. After sensor coefficient adjustment, the accuracy of the SBE43 sensor is estimated to be around 2 282 
µmol kg-1. 283 

We also use the observations included in the CARIMED database, collected during four cruises that covered the 284 
farthest east and south of the basin: the Meteor M84/3 (Tanhua, 2013)⁠, HOTMIX (Arístegui, J., & UTM-CSIC. (2018). 285 
HOTMIX Cruise, RV Sarmiento de Gamboa [Data set]. UTM-CSIC. http://doi.org/10.20351/29SG20140427 286 
SMASH), MEDSEA (Ziveri and Grelaud, 2015), and MSM72 (Hainbucher et al., 2020) cruises conducted during the 287 
period between 2011-2018. The seawater was collected using Niskin bottles from the surface to 4600 m of depth using 288 
an SBE43 oxygen sensor for the oxygen concentrations, followed by the modified Winkler potentiometric method 289 
(Martínez‐Pérez et al., 2017). The spatial coverage of the datasets is shown in Fig. 1. 290 

3 Results 291 

3.1 Assessment of the model 292 

An assessment of the hydrodynamic simulation was performed by Estournel et al. (2021), who showed the capacity 293 
of the model to reproduce the observed hydrology, as well as and biogeochemical simulations in the surface and 294 
intermediate circulations. In Habib et al. (2023), the results of the biogeochemical model were evaluated in terms of 295 
spatial and temporal variabilities of water masses has been performed in previous studies (Estournel et al., 2021;  296 
Habib et al., 2023), suggesting its capacity to reproduce the observed general hydrology and biogeochemistry 297 
(chlorophyll, dissolved inorganic nutrients, and dissolved oxygen against satellite, cruise, and BGC-Argo float data.) 298 
in the Levantine Sea. Here, wethe model is further assess assessed in terms of the dissolved oxygen dynamics by 299 
providing supplementary comparisons with cruises, notably PERLE cruises, and Argo float data, as well as in 300 
observations from BGC-Argo floats (6901528 and 6901764, http://www.coriolis.eu.org, Last access: 11 February 301 
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2026), PERLE cruises (PERLE-1 and PERLE-2, 302 
https://campagnes.flotteoceanographique.fr/campagnes/18000848/fr/, Last access: 5 June 2025, Conan and Durrieu 303 
De Madron, 2019), and those gathered in the CARIMED database (Alvarez et al., 2025), as well as from situ 304 
measurements of metabolic rates.    305 

3.1.1 Comparison with BGC-Argo float data 306 

Figure 2 represents the temporal evolution of vertical profiles of oxygen from both the model and float observations 307 
over the first 500 m, as well as the surface oxygen concentration and oxygen solubility along the float’s pathways that 308 
were selected for their broad spatio-temporal coverage, each capturing stratification and mixing periods at different 309 
locations (Fig. 2a). The observations and the model outputs exhibit the same seasonal variability (Fig. 2 d,e). During 310 
summer, both oxygen solubility and surface oxygen concentrations reach their minimum values. Oxygen solubility 311 
starts increasing following this period (Fig. 2d-e). Modeled and observed surface oxygen concentrations and solubility 312 
show correlation coefficients higher than 0.95 (p-value < 0.05) with a bias lower than 3 µmol O2 kg-1. The RMSD 313 
values (Root Mean Square Difference) are less than 5 µmol O2 kg-1 for both floats and fall within the oxygen 314 
uncertainty interval associated with Argo float data.  315 

The general observed features across the water column are respected by the model (Fig. 2b-c) with (i) a subsurface 316 
oxygen maximum formation in March/April when the water column restratifies, (ii) a deepening of oxygen maximum 317 
until December, followed by (iii) the erosion of the oxygen maximum and homogenization of the surface layer when 318 
vertical mixing intensifies, inducing a relatively deep mixed layer. The oxygen maximum in the subsurface layer is 319 
underestimated by ~5 µmol kg-1 by the model (RMSD ⋍ 8 µmol kg-1) for the period while its depth is well located. 320 

Further deep, the concentration and the localization of the OML are well reproduced with a magnitude of 180 µmol 321 
kg-1 and depths between 380 and 500 m (Fig. 2b-c). Overall, the simulation reproduces correctly the spatial and 322 
temporal variability of the oxygen observed at the surface and in the water column. 323 
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 325 

Figure 2: From top to bottom: (a) trajectory of the BGC-Argo floats with deployment position (red cross) and 326 
chronology in color;  Hovmöller diagrams of oxygen concentration (µmol O2 kg-1) from (b) float data and (c) 327 
model outputs for the first 500 m; (d) surface oxygen concentration in the first 10 m (µmol O2 kg-1) and (e) 328 
oxygen solubility (µmol O2 kg-1), from the float data (red) and the model (blue). 329 

The model reproduces the observed seasonal and vertical variability (Fig. 2, Fig. S1), 330 

with strong agreement with observations throughout the upper 500 m, in particular 331 

in the timing and depth of the subsurface oxygen maximum and the oxygen minimum 332 

layer. The discrepancies found concern a slight underestimation of the subsurface 333 

oxygen maximum (RMSD ⋍ 8 µmol kg-1) compared to the BGC-Argo float, and an overestimation below 334 

100 m compared to PERLE-2 observations, likely due to an overestimation of remineralization processes or vertical 335 
diffusion. The model and in situ data significantly correlate with correlation coefficient higher than 0.95 (p-value< 336 
0.05). The RMSD values (Root Mean Square Difference) between modeled and observed surface oxygen and 337 
solubility are less than 5 µmol O2 kg-1 for both Argo floats and fall within the oxygen uncertainty interval associated 338 
with Argo float data (~ 2-10 µmol kg-1 depending on the sensor, Grégoire et al., 2021). Finally, comparisons between 339 
model results with metabolic rate measurements near the surface and within the upper layer over the May-July period 340 

(BOUM cruise (Christaki et al. 2011); THRESHOLD cruises (Regaudie-de-Gioux et al., 2009); MINOS cruise 341 
(Moutin and Raimbault, 1996) indicate that modeled GPP (gross primary production), CR (community respiration) 342 
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and NCP (net community production, corresponding to GPP minus CR) fall in the observed range, generally in their 343 
upper values (Table S1). These comparisons show the model’s ability to represent oxygen-related biogeochemical 344 
processes in the Levantine Basin. 345 

3 Results 346 

3.1.2 Comparison with cruise data 347 

Comparisons with data from PERLE-1, PERLE-2, and CARIMED cruises (Fig. S1) show that the model accurately 348 
reproduces the magnitude and variability of oxygen concentrations across the different water layers, consistent with 349 
observations from the floats comparison. The model and the data from PERLE1, PERLE2, and CARIMED 350 
significantly correlate (correlation coefficient higher than 0.95, p-value< 0.05). The model reproduces the intensity of 351 
the subsurface maximum reaching 230 µmol O2 kg-1 during the PERLE 1 cruise in fall (Fig. S1a) contrary to its 352 
underestimation noted when comparing the model with the floats (Sect. 3.1.1). These differences between the floats 353 
and the cruise data and between the cruises (Fig. S2) could reflect differences in the sampling methods between each 354 
campaign of the dataset or mesoscale variability not correctly reproduced by the model.  355 

The highest concentrations (230 µmol O2 kg-1) are located at the surface during the winter PERLE 2 cruise and 356 
CARIMED observations collected during the mixing period, for both model and observations (Fig. S1 b and d). 357 
Modeled dissolved oxygen concentrations below 100 m generally stand within the upper range of the observed values, 358 
except for the comparison with PERLE-2 observations, for which the model shows higher values all over the water 359 
column. The overestimation could be attributed to an overestimation of remineralization in this layer or vertical 360 
diffusion. 361 

3.1.3 Comparison of process rates 362 

Data on metabolic rates in the eastern Mediterranean Sea are scarce, and most available estimates are derived from 363 
observations made during stratified periods. Comparisons between model results averaged over periods from mid-364 
June to mid-July and process rates measured near the surface and within the 145 m integrated layer in the core of an 365 
anticyclonic eddy in the eastern Levantine Basin during the BOUM cruise (Christaki et al., 2011) show that the 366 
modeled GPP, CR and NCP are in the upper range of the observational measurements. We also compared our model 367 
averages for May over the Levantine Basin with rates measured during the THRESHOLD cruises (Regaudie-de-Gioux 368 
et al., 2009) in the 5-110 m surface layer, and found values in the range of observations. In addition, model values 369 
integrated over the upper 100 m are consistent with those reported during the MINOS cruise (Moutin and Raimbault, 370 
1996) conducted in the Levantine Basin between May and June. These comparisons can be found in Table 1.  371 

Table 1: Comparison between averaged modeled and observation rates over the same period and along the same region. a: 372 
Lagaria et al., (2011), b: Christaki et al. (2011), c: Regaudie-de-Gioux et al. (2009), (d) Moutin and Raimbault (1996). 373 

Process Campaign Region Period  Layer Observation Model Reference 

GPP BOUM Core of an 
anticyclonic 
eddy in the 

mid-June 
to mid-
July  

Near the 
surface  

0.12 ± 0.90 
mmol O2 m-3 
day-1  

1.36 mmol 
O2 m-3 day-1  
 

a 
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eastern 
Levantine  

Integrated  
145 m 

28-75 mmol 
O2 m-2 day-1 

68 mmol O2 
m-2 day-1 

b 

THRESHOLD Levantine 
Basin 

May 5-110 m 0.16-2.93 
mmol O2 m-3 
day-1 

1-8 mmol 
O2 m-3 day-1 

c 

MINOS Levantine 
Basin 

May to 
June  

Near the 
surface 

0.59 ± 0.16 
mmol O2 m-3 
day-1 
 

1.08 mmol 
O2 m-3 day-1 

d 

May to 
June  

Integrated 
100m 

37.9 ± 4.8 
mmol O2 m-2 
day-1 

37 mmol O2 
m-2 day-1 

d 

CR BOUM Core of an 
anticyclonic 
eddy in the 
eastern 
Levantine  

mid-June 
to mid-
July  

Near the 
surface  

0.38 ± 0.92 
mmol O2 m-3 
day-1 

1.28 mmol 
O2 m-3 day-1 

a 

Integrated  
145 m 

39-58 mmol 
O2 m-2 day-1 

68 mmol O2 
m-2 day-1 

b 

THRESHOLD Levantine 
Basin 

May 5-110 m 0.1-8.2 mmol 
O2 m-3 day-1 

1-7 mmol 
O2 m-3 day-1 

c 

NCP BOUM Core of an 
anticyclonic 
eddy in the 
eastern 
Levantine  

mid-June 
to mid-
July  

Near the 
surface  

-0.26 ± 0.22 
mmol O2 m-3 
day-1 

0.09 mmol 
O2 m-3 day-1  

a 

Integrated  
145 m 

 4 ± 15 mmol 
O2 m-2 day-1  

0.9  mmol 
O2 m-2 day-1  

b 

THRESHOLD Levantine 
Basin 

May 5-110 m -6.4-8.2 
mmol O2 m-3 
day-1 

0-2 mmol 
O2 m-3 day-1 

c 

3.23.1 Seasonal variability 374 

3.2.1 Atmospheric forcing and vertical mixing 375 

Figure 3 presents the mean annual cycle of the modeled air-sea heat flux, wind stress, mixed layer (ML) depth, and 376 
surface temperature, spatially averaged over the Levantine Sea from December 2013 to December 2020. During fall, 377 
the decrease in air temperature leads to significant sea surface heat loss, while intensified northern winds weaken 378 
stratification, gradually deepening the mixed layer (Fig. 3a-c). The sea surface temperature drops significantly (Fig. 379 
3d). Heat loss events persist through winter, leading the surface temperature to reach a minimum of approximately 380 
17°C and the mixed layer depth to gradually increase, peaking in January/February. The yearly maximum ML depth 381 
averaged spatially over the seven years is 108 ± 11 m (Table S1S2). In March/April, the sea surface starts gaining 382 
heat, and the surface temperature increases (Fig. 3a and 3d). The ML abruptly shallows but still exhibits large 383 
variations during early spring, in response to the events of continental cold winds. The frequency of intense wind 384 
events decreases in late spring/summer (Fig. 3b). Surface temperature reaches maximum values around 28 °C in 385 
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August (Fig. 3d), and a thin ML settles until October. In the following, the annual cycle is divided into two successive 386 
periods based on the vertical mixing intensity. The first period is a mixing period, from October to March, and the 387 
second period is a stratified period, from April to September. The two periods were defined based on a mixed layer 388 
depth threshold of 25 m, following the criteria used by D’Ortenzio et al. (2008) and Houpert et al. (2015).  389 

 390 
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 391 

Figure 3: Annual time series of modeled (a) air-sea heat fluxes (W m-2), (b) wind stress (N m-2), (c) mixed layer 392 
depth (m), and (d) surface temperature (°C), averaged over the Levantine Sea and the period 2013-2020. In (c) 393 
and (d), the solid line corresponds to the spatialtemporal mean, the shaded area to the standard deviation. The 394 
grey shaded area represents the stratification period. 395 

3.2.2 Oxygen fluxes 396 

The annual cycle of the 7-year averaged oxygen fluxes and inventory variation are describedvariations is shown in 397 
Fig. 4 and 5, for the surface and intermediate layers, respectively. The In both layers, the oxygen content in both layers 398 
increases during the mixing period and gradually decreases during the stratified period, with minimum values in 399 
November/December for the surface layer and January for the intermediate layer (Fig. 4a and 5a). TheBoth vertical 400 
and net horizontal transports showexhibit a clear seasonal variation, with the highestreaching maximum values of 50 401 
mmol m-2 day-1 in winter in the surface layer and 50 mmol m-2 day-1 and 40 mmol m-2 day-1, respectively in the 402 
intermediate layer (Fig. 4f and 5e). During the mixing period, mostlyand particularly during intense windevents of 403 
strong winds and vertical mixing events (Fig. 3b-c), oxygen is exported from the surface layer towards the intermediate 404 
layer (Fig. 4f), and then further downsubsequently, from the intermediate towards the deep layer (Fig. 5e), with 405 
average5e). The associated  mean export rates ofamount to 0.56 and 0.46 mol O2 m-2 month-1, respectively (Fig. S3b,d). 406 
During the stratified period, the downward export of O2 towards the intermediate and deeper layers decreasesis 407 
reduced by 75% and 40%, respectively (Fig. S3d). The 408 

Horizontal oxygen horizontal transport in the surface layer is characterized by a net inflow from the Ionian Sea and 409 
an outflow towards the Aegean Sea (Fig. 4g, S2b), with higher values). These exchanges are stronger during the 410 
mixing period compared tothan during the stratified period (Ionian Sea:with inflow of 1.3 vsversus 0.6 mol O2 m-2 411 
month-1, from the Ionian Sea and Aegean Sea:outflow of 0.9 vsversus 0.5 mol O2 m-2 month-1 from the Aegean Sea, 412 
respectively, Fig. S3b). The horizontal exchanges inIn the intermediate layer show, horizontal exchanges  are weaker 413 
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overall but still display a less intense pattern withseasonal signal. During the mixing period, a stronger net inflow from 414 
the Ionian Sea (0.2 mol O2 m-2 month-1) and a stronger outflow towards the Aegean Sea (-0.4 O2 mol m-2 month-1, Fig. 415 
S3d and 5f) duringare obtained. While the mixing period. The net oxygen flowtransport in the surface layer remains 416 
directed from the Ionian and towards the Aegean across both periods, while the intermediate layer exhibits net oxygen 417 
outflowexport toward both the Aegean and Ionian Seas (during the stratified period, accounting for 96% and 4% of 418 
the total horizontal export) during the stratified period,  respectively (Fig. S3d). 419 

The modelModel results showindicate that the Levantine Basin  ecosystem in the surface layer producesof Levantine 420 
Basin acts as a net source of dissolved oxygen from January to August, at higher rateswith the highest production 421 
between February and March, and consumes dissolved oxygen between. In contrast, net consumption dominates from 422 
September to December (Fig. 4d). BiogeochemicalOverall, the biogeochemical O2 flux (NPC) accounts forresults in 423 
a mean oxygen loss of 0.03 mol m-2 month-1 overduring the mixing period (from October to April) and a gain of 0.06 424 
mol m-2 month-1 during the stratified period (Fig. S3a). The maximumMaximum magnitudes of biological production 425 
(> 2 mmol O2 m-2 day-1) are located near the surface during the periods of winter mixing and the associated 426 
phytoplankton bloom, and then in the before shifting to subsurface layers later in the year (Fig. 6f). TheS4f). Oxygen 427 
consumption is maximumpeaks in fall between 100 and 200 m depth, and during the mixing period below the mixed 428 
layer. During the stratified period, thea relatively thick subsurface oxygen maximum (SOM) layer remainspersists 429 
around 70 m depth, aboveoverlying the subsurface maximum of biological production located at around 140 m depth, 430 
close to the deep chlorophyll maximum (Fig. 6b, 6cS4b, c, and 6ff). This is in agreement with the findings of the 431 
modelling study of Di Biagio et al. (2022). As forIn the intermediate layer (150-400 m), it showsthe ecosystem is 432 
characterized by a loss of oxygen throughout the year,  with values of biogeochemical flux above -10fluxes reaching 433 
values lower -5 mmol m-2 day-1 over the whole year (Fig. 5b).  434 
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Figure 4: Oxygen concentration and budget of the 0-150 m layer of the Levantine Basin averaged over the 437 
period of study. (a) Variation of the dissolved oxygen inventory (mol m-2) relative to initial conditions (Values 438 
are normalized to the starting time point), (b) surface oxygen concentration (blue) and oxygen 439 
solubilitysaturation (orange) (µmol O2 kg-1), = (DOx −DOx sat)/DOx sat ×100%), (c) air-sea flux 440 

(positive values correspond to downward fluxes, mmol O2 m-2 day-1), (d) biogeochemical flux (mmol O2 m-2 day-441 
1), (e) sum of vertical (through the 150 m depth) and lateral (exchanges with the Ionian and Aegean Seas) 442 
transport fluxes (mmol O2 m-2 day-1), (f) vertical (light blue) and lateral (dark blue) fluxes (mmol O2 m-2 day-1), 443 
(g) lateral fluxes at the boundary with the Ionian (purple) and Aegean (red) Seas (mmol O2 m-2 day-1). 444 
Horizontal transport fluxes are scaled to the area of the Levantine basinBasin for comparison with the other 445 
budget terms.The grey shaded area represents the stratification period. 446 

The air-sea oxygen flux displays a marked seasonal pattern (Fig. 4b). During the October-April mixing period, the 447 
Levantine Basin, which is undersaturated in oxygen compared to the atmosphere, isacts as a sink of atmospheric 448 
oxygen. OxygenFrom September onward, oxygen solubility has increased (Fig. 4b) with the decrease in surface 449 
temperature (Fig. 3d) since September. In parallel, the gradual deepening of the mixed layer favors an increase in the 450 
surface oxygen concentration, through the mixing of surface O2 poorer waters with subsurface O2-rich waters (Fig. 451 
6c), which remains lower thanS4c), although surface concentrations remain below the oxygen at saturation level. The 452 
air-sea flux, is particularly strong in winter when theunder strong wind is intense,conditions, and reaches maximal 453 
values around 70 mmol m-2 day-1 beginning ofin early January (Fig. 4c). The air-sea fluxWhen averaged duringover 454 
the mixing period, the air-sea flux amounts to 0.50 mol O2 m-2 month-1 (Fig. S3a). At the onset of the stratified period 455 
(April - May), surface oxygen concentration reachesincreases to 230 µmol kg-1 (Fig. 4b),, slightly exceeding saturation 456 
levels due to biological oxygen production in the surface layer (Sect. 3.2.4). As a result, the Levantine Basin becomes 457 
a source of oxygen for the atmosphere (Fig. 4c). During the rest of the stratified period, the surface oxygen 458 
concentration continues to present values higher than the oxygen solubility, leading to continuous outgassing of O2. 459 
We estimate a mean net release of 0.26 mol O2 m-2 month-1 of oxygen to the atmosphere over the whole stratified 460 
period (Fig. S3a).  461 
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 464 

￼￼Figure 5: Mean annual cycle of (a) variation of the dissolved oxygen inventory (mol m-2)  relative to initial 465 
conditions (Values are normalized to the starting time point), and the different oxygen fluxes (mmol m-2 day-1): 466 
(b) biogeochemical flux, (c) total vertical and horizontal transport, (d) vertical (downward) flux (light blue) and 467 
lateral flux (dark blue), (e) the vertical fluxes at 150 and 400m and (f) the lateral Ionian (purple) and Aegean 468 
(red) fluxes, in the intermediate layer (150-400 m) and averaged over the Levantine Basin. The grey shaded 469 
area represents the stratification period. 470 

 471 
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 472 

Figure 6: Hovmöller diagrams of (a) salinity, (b) chlorophyll (mg m-3), (c) dissolved oxygen concentration (µmol 473 
kg-1), (d) gross primary production (mmol m-2 day-1), (e) community respiration (mmol m-2 day-1), and (f) net 474 
community production (mmol m-2 day-1), averaged over the Levantine Basin, from December 2013 to May 2021. 475 
The black line in (a) indicates the mixed layer depth.  476 

3.3. Interannual variability 477 

We investigated3.2. Interannual variability 478 

The analysis of the seasonal cycle shows that oxygen fluxes exhibit their largest variability during winter, as reflected 479 
by higher standard deviations. In addition, correlations between annual oxygen processes operating at the annual 480 
scale(NCP, downward export, …) and seasonal fluxes, identifying indicate that winter asis the most influential period. 481 
In season on oxygen dynamics (Fig. S5). Therefore, the following section, we therefore focus our analysis focuses on 482 
winter. For conditions to investigate the purposesinterannual variability of this study, the year is defined as running 483 
from December to the following December. 484 
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3.3.1 Atmospheric forcing and vertical mixing 485 

oxygen-related processes. Winter (December-January-February) heat loss exceededexceeds the seasonal mean value 486 
of 152 W m-2 for years 2014-15, 2016-17, 2018-19, and 2019-20 (Fig. 7a6a, Table S1S2). In contrast, wind stress does 487 
not show consistent interseasonal variabilityinterannual signals, with peak values around 0.2 N m-2 occurring each 488 
yearevery winter (Fig. 7b6b). The ML depth presents interannual variability mostlyprimarily associated with 489 
variations in heat loss fluxes (Fig. 7a6a and 7c), with higher values6c). ML deeper than the averaged one7-year mean 490 
value of 108 m are found during the winters 2014-15, 2016-17, and 2018-19 (Table S1S2). Based on the mean winter 491 
heat flux, (W-HF), and mean and maximum ML, the years were classified into two categories: as mild and cold winter 492 
years: years. Years with both winter heat loss and maximum ML above the seven-year means, i.e. 2014-15, 2016-17 493 
and 2018-19, are considered classified as cold winter years while, whereas the remaining years, 2013-14, 2015-16, 494 
2017-18 and 2020-21, are consideredclassified as mild years.  495 

 496 
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 497 

Figure 76: Time series of modeled (a) air-sea heat fluxes (W m-2), (b) wind stress (N m-2), and (c) mixed layer 498 
depth (m)), averaged over the Levantine Basin. The mean winter (December-January-February) heat loss is 499 
indicated in (a). The blue shaded area represents the winter of the cold winter years. 500 

3.3.2 Dissolved oxygen fluxes in the surface and intermediate layers 501 

All years display qualitatively similar seasonal oxygen cycles in the surface layer (Fig. 87). However, coldercold 502 
winter years (2014–15, 2016–17, 2018–19) exhibit the highestsubstantially larger oxygen fluxes and greaterstronger 503 
inventory variations. In winter, During these winters, changes in oxygen inventory changes exceed 2 mol O2 m-2 504 
(Fig. 8a 7a). During phytoplankton blooms in these cold winters, biogeochemical fluxes surpass 20  mmol m⁻-2 day⁻-1 505 
(Fig. 8d 7d). Lateral and vertical transports of dissolved oxygen at the surface layer boundaries show peaks ofare also 506 
enhanced during cold winters. Lateral  inflow from the Ionian Sea, lateral outflow toward the Aegean Sea, and 507 
downward export to the intermediate layer, show peak values exceeding 100, 75, and 100 mmol m⁻-2 day⁻-1, 508 
respectively (Fig. 8f 7f–g). AirIn addition, air-sea oxygen fluxes also exceed 150 mmol m⁻-2 day⁻-1 (during cold 509 
winters (Fig. 8c 7c). 510 

In the intermediate layer, cold winter years also presentlikewise display the higheststrongest O2 winter fluxes and the 511 
largest oxygen inventory variation compared to mild winter years (Fig. 98). Biogeochemical flux exhibitsfluxes 512 
exhibit pronounced negative peaks exceeding -10 mmol m-2 day-1 during cold winter years (Fig. 9b8b). While these 513 
negative fluxesextrema are not significantly stronger than those obtained in warmmild years, the subsequent positive 514 
fluxes are markedly enhanced following cold winters (less observedare markedly enhanced, except during 2016-17).. 515 
Physical fluxes also are marked by a higher magnitudelarger magnitudes during cold winters (Fig. 9c8c-f). As found 516 
in the upper layer, higher), with enhanced lateral and vertical oxygen exchanges occur during, as found in the cold 517 
wintersupper layer. Along with the seasonal internal variation, an increasing trend in the inventory is visible from 518 
2013-14 to 2018-19, followed by a decreasing trend until the end of the study period (Fig. 9a8a). 519 
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Oxygen fluxes are Overall, oxygen flux variability is partly linked to the variability of winter heat loss (W-HL). There 520 
is aA strong correlation is found between mean W-HL and winter oxygen downward oxygen export from the surface 521 
layer and mean W-HL (R = 0.76, p-value < 0.05, Fig. S4S5). Cold years also show highenhanced NCP (Net 522 
Community Production: gross primary production (GPP) minus community respiration (CR)) flux,)), with a 523 
significant correlation between mean W-HL and annual NCP (R = 0.91, p-value < 0.05, Fig. S4S5). When W-HL 524 
drops below 135 W m-²,-2, the trend suggests a shift of the system shifts from autotrophic to heterotrophic conditions. 525 
In the intermediate layer, annual oxygen consumption remains relatively stable but is still significantly correlated with 526 
W-HL (R = 0.94, p-value < 0.05). Air-sea oxygen fluxes also show strong correlations with W-HL, both at the annual 527 
scale (R = 0.92 annually, R = 0.93 in winter, p-value < 0.05). While) and during winter (R = 0.93, p-value < 0.05). 528 
Although lateral fluxes increaseintensify during cold years, only exchanges with the Aegean Sea show a significant 529 
correlation with W-HL (R = 0.74 in the surface layer, R = 0.82 in the intermediate layer). The correlationCorrelations 530 
with exchanges from the Ionian Sea isare weaker and not statistically significant (R = 0.69, p-value < 0.08). 531 

 532 

Figure 8: Time series of oxygen concentration and budget of the 0-150 m layer of the Levantine Basin. (a) 533 
Variation of the dissolved oxygen inventory (mol m-2) relative to initial conditions (Values are normalized to 534 
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the starting time point), (b) surface oxygen concentration (blue) and oxygen saturation (orange) (µmol O2 kg-535 
1), (c) air to sea flux (mmol O2 m-2 day-1), (d) biogeochemical flux (mmol O2 m-2 day-1), (e) sum of vertical 536 
(through the 150 m depth) and lateral (exchanges with the Ionian and Aegean Seas) transport fluxes (mmol O2 537 
m-2 day-1), (f) vertical (light blue),  lateral (dark blue) flux (mmol O2 m-2 day-1), (g) detailed lateral flux at the 538 
boundary with the Ionian (purple) and Aegean (red) seas (mmol O2 m-2 day-1). Horizontal transport fluxes are 539 
scaled to the area of the Levantine Basin for comparison with the other budget terms. The blue shaded area 540 
represents the winter of the cold winter years. 541 

 542 

￼￼Figure 9: Time series of (a) variation of the dissolved oxygen inventory (mol m-2), (b) biogeochemical flux, 543 
(c) total vertical and horizontal transport, (d) vertical (light blue) and lateral flux (dark blue), and (g) lateral 544 
fluxes from Ionian (purple) and Aegean (red) sea, in the intermediate layer (150-400 m) and averaged over the 545 
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Levantine Basin. The flux unit is mmol m-2 day-1.546 

 547 

Figure 7:  As in Figure 4, but showing the interannual variability of oxygen inventory and budget components 548 
for the 0–150 m layer of the Levantine Basin. Blue shading marks cold winters. 549 
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 550 

￼￼Figure 8:  As in Figure 5, but showing the interannual variability of oxygen inventory and budget 551 
components for the 150-400 m layer of the Levantine Basin. The blue shaded area represents the winter of the 552 
cold winter years. 553 

3.43 Annual oxygen budget in the surface and intermediate layers  554 

On an annual basis and on averageaveraged over the seven studied years (Fig. 10), the surface layer gains oxygen 555 
through air-sea exchange. Additionally, oxygen is transported from the Ionian Sea to the Aegean Sea through both 556 
surface and intermediate layers. A fraction of this oxygen is exported to intermediate depths, where it is partially 557 
consumed before the remainder reaches the Aegean (Fig. 10). The surface 9), the surface ecosystem of the basin 558 
appears to be Levantine Basin generally productive in oxygen. The net biogeochemical acts as a net source of oxygen, 559 
although the magnitude and even the sign of the biogeochemical contribution vary substantially from year to year. 560 
The surface layer of the basin also exhibits a net gain of oxygen through air-sea exchange. This atmospheric input 561 
results from the seasonal alternation between wintertime uptake and summertime outgassing described in Sect. 3.1. In 562 
addition to the important air-sea fluxes, the basin receives a significant lateral supply of oxygen through the advection 563 
of waters originating from the Ionian Sea into the surface layer. A fraction of the oxygen supplied to the surface is 564 
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exported downward toward intermediate depths, partially consumed by biogeochemical processes, while a remaining 565 
fraction is transported toward  the Aegean Sea. On average, the oxygen budget indicates that the net biogeochemical 566 
oxygen flux is one order of magnitude smaller than the contributions from transport and air-sea flux, changing sign 567 
depending on the considered year, with a strong interannual variability. On average, the exchange.  568 

In the intermediate layer loses, the oxygen loss due to biogeochemical consumption but gains it through netis 569 
compensated by transport, at the annual scale (Fig. 109). The physical supply of oxygen comesto the intermediate 570 
layer arises from both downward inflowtransport from the surface layer and lateral inflow from the Ionian Sea, while 571 
part. A fraction of the oxygen in intermediate waters is also exported toward the Aegean Sea (Fig. 109).  572 

573 
One can notice that in the surface layer, the lateral export of oxygen towards the Aegean Sea is smaller than the net 574 
input from the Ionian Sea, and on the contrary, in the intermediate layer, the lateral oxygen export toward the Aegean 575 
Sea is larger than the input from the Ionian Sea. This reflects both a small biological production in the surface layer 576 
and a large supply of oxygen from the surface layer into the intermediate waters through vertical transfer, occurring 577 
mostly during winter mixing, convection and subduction in the Levantine Sea. This budget highlights the role of the 578 
Levantine Basin as both a regional sink for intermediate waters and a transit zone for dissolved oxygen within the 579 
eastern Mediterranean circulation.  580 
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 581 

Figure 109: Schematic showing the terms of the mean annual oxygen budget (in mol O2 m-2 yr-1) for the 582 
Levantine Basin over the period from December 2013 to NovemberDecember 2020. The terms of the budget 583 
are estimated for the upper layer (surface-150 m),) and the intermediate layer (150-400 m).) layers. SW: surface 584 
layer, IW: intermediate layer. Arrow thickness is proportional to the intensity of the flow. 585 

3.54 Spatial variability of oxygen fluxes in the Levantine Basin 586 

At the annual scale, the whole Levantine Basin appears as an atmospheric sink for oxygen, except in the coastal area 587 
influenced by the Nile River (Fig. 11a). The highest uptake rates in 10a). In the offshore region, the strongest oxygen 588 
uptake rates are locatedfound in the Rhodes Gyre area, covering 5% of the surface of the Levantine Basin, andbut 589 
contributing 14% of the annual atmospheric oxygen intake. OtherAdditional regions characterized by higher of 590 
enhanced uptake rates are located in the North, in the Antalya Bay and the Cilician basin. The Basin identified as 591 
another LIW formation area (Fach et al. 2021). The spatial distribution of the annual air-sea oxygen flux is also 592 
spatially mostlylargely controlled by the winter air-sea O2 flux (not shown). The annual anomalies show that the cold 593 
years (2014-15, 2016-17 and 2018-19) absorb moreare associated with enhanced atmospheric oxygen inuptake over 594 
the whole seaentire basin (Table S2S3), and especially in the Rhodes Gyre (Fig. S7S8). In this main area of 595 
intermediate water formation, the vertical mixing period is characterized by the upward supply of coldcolder and 596 
oxygen-poorer water from the intermediate layer towardsdepths to the surface during the winter mixing period is, 597 
more pronounced than in surrounding areas. Thus, theThe resulting negative temperature and oxygen anomaly, as well 598 
as the negative oxygen anomaly, enhanced the  reinforce surface undersaturation in this area that shows, reaching 599 
maximum values varying between 2 and 5 % (with higher values during cold winter years). In contrast to the entire 600 
basin-wide functioning, where oxygen is generally exported downward from surface to intermediate layers, the model 601 
indicates that the Rhodes Gyre displayeddisplays an inverse pattern, with. In this area, oxygen is transported upward 602 
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from intermediate depths totoward the surface, balanced by a lateral exportand subsequently redistributed laterally. 603 
This lateral transfer is particularly strong induring winter and takes place notably throughis associated with the 604 
dispersal of LIW by subduction (Estournel et al., 2021). The model).  605 

Model results also show a marked spatial heterogeneity ofin the balance between GPP and CR, expressed through net 606 
community production (NCP), when averaged alongover the period of study in the surface layer (surface-150 m) (; 607 
Fig. 11b10b). Positive NCP values are found in a central area includingregion encompassing the cyclonic Rhodes 608 
Gyre and other cyclonic gyres (e.g., West Cyprus gyres,...), and), as well as in the coastal areas influenced by 609 
riversriver inputs. In particular, the Rhodes Gyre contributes to 41% of the total annual biological oxygen production 610 
in the surface layer of the wholeentire basin. NCP isIn contrast, negative values of NCP prevail in the along-slope 611 
circulation, and inwithin the anticyclonic Mersa-Matruh Eddies and Shikmona Eddy. ItAnnual NCP follows the same 612 
spatial pattern throughout all the years with a more accentuatedpronounced production in the cyclonic gyres during 613 
cold years compared to the mild yearswinters (Fig. S6). 614 

 615 

S7). 616 

 617 

Figure 1110: Modeled annual air-sea oxygen flux and net community production (NCP, mol O2 m-2 yr-1) in the 618 
surface layer (0-150 m) for the period from December 2013 to December 2020. The black line delimits the 619 
Rhodes gyre.Gyre. Positive values for the air-sea oxygen flux indicate a net flux of oxygen into the ocean 620 
(uptake), while negative values indicate a net flux from the ocean to the atmosphere. Positive NCP values 621 
correspond to net biological oxygen production and negative values to consumption.” 622 
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4 Discussion 623 

In the present study, we have used a 3D coupled physical-biogeochemical model to investigate the dynamics of oxygen 624 
in the Levantine Basin. The physical and biogeochemical parts of the coupled model were previously validated by 625 
Estournel et al. (2021) and Habib et al. (2023), respectively. Here we have further compared our results on the oxygen 626 
cycle with two types of in situ dataobservations: high-resolution BGC-Argo data and data from research cruises. The 627 
major limitation highlighted by these comparisons is the representation of the subsurface oxygen maximum layer. The 628 
observedmarked heterogeneity of this layer in observations, with a maximum concentrationconcentrations in theits 629 
upper part and thenfollowed by a progressive decrease of its value further deeperwith depth, is not wellfully 630 
reproduced in the model. The increase of the maximum value during the summer period, shown in the BGC-Argo 631 
data, could be attributed tomay reflect production or respiration processes, that are underestimated or overestimated, 632 
respectively, in the model. ThisAlternatively, this discrepancy could alsomay be explained by physical processes with 633 
a misrepresentation of the thickness of the subsurface oxygen maximum layer in the model. In that case, a finer vertical 634 
resolution at those depths or an improvement of the vertical advection scheme, avoiding possible spurious numerical 635 
mixing, as proposed by Garinet et al. (2024), could be tested in future works to reduce the potential excessive vertical 636 
diffusivity.  637 

Our budget of oxygen is subject to sources of uncertainties linked to the physical and biogeochemical models used in 638 
this study. One approach to overcome single-model uncertainties and limitations would be to adopt a multi-model 639 
approach. An alternative approach would consist in estimating oxygen budgets using observational syntheses; 640 
however, the sparse spatial coverage of in situ data currently limits the closure of basin-scale oxygen budgets based 641 
solely on observations. Finally, a complementary strategy could involve a combined approach such as that developed 642 
by Di Biagio et al. (2023) which relies on biogeochemical reanalysis corrected with Argo float data. Despite this 643 
limitation,these limitations linked to the models used here, we found that the seasonal variations of oxygen solubility 644 
and concentration align with previous observational studies (Kress and Herut, 2001; Schlitzer et al., 1991) and we 645 
used the model to estimate(Kress and Herut, 2001; Schlitzer et al., 1991).  To provide a first quantitative assessment 646 
of the contribution of various processes—air-sea flux, physical dynamics, and biogeochemical processes—to oxygen 647 
dynamics and the overall budgetbudget, we chose an online and strictly closed budget approach. As shown by Trinh 648 
et al. (2024), this approach can yield substantially higher accuracy than offline calculations, especially in the 649 
quantification of lateral fluxes. 650 

The model shows a net annual weak biological production of oxygen in the surface layer of the Levantine Basin, 651 
primarily due to the sea’s oligotrophic nature, which is more pronounced in the southeastern regions of the Levantine 652 
Basin (D’Ortenzio, 2009; Lavigne et al., 2015). This oligotrophy is attributed to an anti-estuarine circulation 653 
characterized by an eastward inflow of surface nutrient-depleted waters and an outflow of intermediate nutrient-rich 654 
waters resulting from the water formation (Robinson and Golnaraghi, 1993). Interannual variability is nevertheless 655 
observed here, with the sea being heterotrophic during warmmild winter years (2014 and 2018 here), as detected), 656 
consistent with the findings by Mayot et al. (2016) using satellite ocean color data. By considering both surface and 657 
intermediate layers, the Levantine Sea appears as a net heterotrophic system in the model results. This alignsis in line 658 
with the review by Siokou-Frangou et al. (2010) and the study by Christaki et al. (2011), depicting a largeprevious 659 
studies reporting strong temporal and spatial heterogeneity in the trophic status of the oligotrophic Levantine Basin. 660 
(Christaki et al., 2011; Siokou-Frangou et al., 2010). The planktonic ecosystem in the Levantine Basin is stronglyis 661 
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largely regulated by the basin's heterotrophic component. Siokou-Frangou et al. (2002) observed an increase in the 662 
processes, with higher heterotrophic/autotrophic biomass ratio with higher values more frequently foundratios 663 
typically observed in the most oligotrophic regions and during the stratified period. This pattern aligns with the spatial 664 
trend reported by Christaki et al. (2002), who depicted a longitudinal increase in this ratio from the Balearic Sea to 665 
the eastern Levantine Sea.periods (Christaki et al., 2002; Siokou-Frangou et al., 2002). Despite this general 666 
heterotrophic system, highly dynamiccharacter, mesoscale physical structures favoring deeppromoting vertical 667 
mixing, and in particular nutrient upwelling, determine the play a key role in shaping the basin’s trophic gradient of 668 
the Levantine Basin (Siokou-Frangou et al., 2010), varying from marked recycled production to new production 669 
systems (Legendre and Rassoulzadegan, 1995). This variability was also detected in nutrient concentrations from 670 
different parts of the Levantine Basin. A shallow nutricline, coupled with an upward nutrient flux, was found 671 
ingradients, particularly within cyclonic systems, whereas the opposite effect occurred in anticyclonic systems 672 
(Salihoǧlu et al., 1990) (Legendre and Rassoulzadegan, 1995; Salihoǧlu et al., 1990). This pattern was also reflected 673 
in the spatial distribution of chlorophyll. Our model results show the high contribution of the Rhodes Gyre to the 674 
annual oxygen biological production in the surface layer of the whole Levantine Basin area (around 41%). In the 675 
intermediate layer, biogeochemical fluxesIt has been identified as the major area of LIW formation, characterising 676 
winter vertical mixing enriching the surface layer with nutrients and stimulating primary production (D’Ortenzio et 677 
al., 2021; Lavigne et al., 2013). In the intermediate layer, biogeochemical fluxes in the Gyre and the Levantine Basin 678 
exhibit little variation between mixing and stratification periods, especially during cold years, consistent with the 679 
findings of Roether and Well (2001) and Klein et al.,. (2003).  680 

The model indicates that the Levantine Basin absorbs atmospheric oxygen from November to April, while releasing 681 
it during the rest of the year. This is in line with theprevious observational and modelling studies of (Schlitzer et al. 682 
(1991), Kress and Herut, (2001), and ,Di Biagio et al. (2022). The whole Levantine Basin, except ). Except for the 683 
river-influenced areas (Nile river), showsthe whole Levantine Basin acts as an annual sink of atmospheric 684 
uptakeoxygen for all studied years (, with an average uptake of 1.5 ± 0.6 mol O2 m-2 yr-1), with, and higher values 685 
during cold winter years. The uptakeUptake is enhanced in intermediate water formation areas, in particular in the 686 
Rhodes Gyre, where the undersaturation is increasedincreases during the winter period, whendue to stronger surface 687 
cooling and mixing of poorer O2 water masses are mixed with surface waters, in agreement with what was previously 688 
observed and modeled in other water formation areas (Copin-Montégut and Bégovic, 2002; Coppola et al., 2017, 689 
2018; Di Biagio et al., 2022; Fourrier et al., 2022; Körtzinger et al., 2004, 2008; Ulses et al., 2021; Wolf et al., 2018). 690 
The Rhodes Gyre shows a comparable winter uptake rate (20.3 ± 7.4 mol O2 m-2 yr-1) as other water formation areas 691 
such as the Labrador Sea and Gulf of Lion (ranging between 11 and 37 mol m-2 yr-1; Copin-Montégut & Bégovic, 692 
2002; Coppola et al., 2017, 2018; Körtzinger et al., 2008; Ulses et al., 2021; Wolf et al., 2018). As a matter of 693 
comparison, the 7-year averaged oxygen uptake estimated here for the whole Levantine Basin, characterized by 694 
relatively low solubility compared to the rest of the Mediterranean (Mavropoulou et al., 2020, Di Biagio et al., 2022), 695 
represents 64% of the oxygen uptake by the NW Mediterranean deep convection estimated for the cold year 2012-13 696 
with the same coupled model (Ulses et al., 2021). These estimates are nevertheless subject to methodological 697 
uncertainties. In particular, air–sea oxygen fluxes depend on the parameterization of the gas transfer velocity, whose 698 
sensitivity to wind speed and formulation can induce uncertainties of the order of 12-16%, as quantified by Ulses et 699 
al. (2021). Additional uncertainties arise from surface heat flux estimates and the representation of vertical mixing, 700 

Commented [1]: dans l'étude citée ou dans le modèle? 



 

35 

but these are not expected to modify the relative importance or seasonal phasing of the dominant budget terms (Josey 701 
et al., 2013; Large et al., 1994). 702 

Regarding the oxygen vertical oxygen transport in the whole Levantine Basin, the weak upward transfer from the deep 703 
layer into the intermediate layer found in our results is consistent with the general scheme of circulation or oxygen 704 
cycle shown in previous studies (Mavropoulou et al., 2020; Powley et al., 2016; Roether and Schlitzer, 1991; Tanhua 705 
et al., 2013) describing a gradual upwelling of deep water originating from the Adriatic Sea or Aegean Sea. While a 706 
downward export of oxygen from the surface layer to the intermediate layer is simulated at the scale of the whole 707 
basin, the Rhodes Gyre exhibits an opposite pattern, with oxygen being transported upward from the intermediate 708 
layers to the surface. This upward input ininto the surface layer is balanced by a lateral export, particularly strong in 709 
winter, which takes place notably through the dispersal by subduction of the newly formed LIW asat the periphery of 710 
the mixed patch, which is consistent with the observations reported by Malanotte‐Rizzoli et al. (2003) for January 711 
1995 during the POEM cruise. and by Taillandier et al. (2022) during PERLE cruises.  712 

OurFinally, our results on lateral oxygen exchanges are also in agreement with previous studies describing the general 713 
circulation in the eastern Mediterranean Sea. Regarding the exchanges with the Aegean Sea, a net outflow of LSW 714 
and LIW by the Asia Minor Current through the Cretan Straits was documented in several observational and modeling 715 
studies (Estournel et al., 2021; Millot and Taupier-Letage, 2005; Theocharis et al., 1993; Velaoras et al., 2014; 716 
Zodiatis, 1993).Eastern Mediterranean Sea under BIOS cyclonic phases. During these cyclonic phases of the BIOS, 717 
the cyclonic Northern Ionian Gyre promotes an important eastward advection of Atlantic Water toward the Levantine 718 
Basin. As for the exchanges with the Ionian Sea, the general cyclonic circulation displays in the surface and 719 
intermediate layers an eastward inflow along the Libyan-Egyptian coast (Estournel et al., 2021). South of Crete, the 720 
flux reverses seasonally with an inflow from the Ionian in winter and an outflow in summer (Estournel et al., 2021).  721 
The net oxygen flux directed from the Ionian toward the Levantine Basin in surface and intermediate waters in this 722 
study results from a stronger southern input than the northern export at the Ionian-Levantine boundary. Regarding the 723 
exchanges with the Aegean Sea, a net outflow of LSW and LIW by the Asia Minor Current through the Cretan Straits 724 
was documented in several observational and modeling studies (Estournel et al., 2021; Millot and Taupier-Letage, 725 
2005; Velaoras et al., 2014). During anticyclonic phases of the BIOS, the inflow from the Ionian Sea of Atlantic Water 726 
is reduced and significant changes in oxygen circulation may be expected and deserve further investigation. 727 

In addition, extreme events may episodically modulate air–sea oxygen exchanges in the Levantine Basin. In particular, 728 
marine heatwaves, whose frequency and intensity have increased in the Eastern Mediterranean in recent decades 729 
(Aboelkhair et al., 2023; Darmaraki et al., 2024), can enhance upper-ocean stratification, reduce vertical ventilation, 730 
and decrease oxygen solubility through surface warming, potentially leading to transient oxygen anomalies in the 731 
upper and intermediate layers (Keeling et al., 2010; Schmidtko et al., 2017). Moreover, Medicanes, short-lived and 732 
spatially localized extreme events, could also impact biological dynamics and air-sea exchanges on their passage 733 
(Menna et al., 2023; Jangir et al., 2024; Jangir et al., 2026; Reale et al., 2026). While a dedicated analysis of the 734 
impacts of those extreme events (marine heatwaves, Medicanes) is beyond the scope of the present study, their effects 735 
may contribute to short-term departures from the mean seasonal oxygen cycle and their integrated contribution to 736 
basin-scale and annual oxygen budget .will need to be assessed in future works. 737 
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Beyond the Levantine Basin, the processes identified here have broader implications for regional biogeochemical 738 
dynamics and Earth system modelling. The quantified oxygen budget of LIW highlights the sensitivity of 739 
intermediate-water ventilation to circulation and atmospheric forcing at seasonal to interannual timescales in semi-740 
enclosed basins (e.g. Tanhua et al., 2013; Schneider et al., 2014). Because LIW supplies the Eastern Intermediate 741 
Water and flows in the whole Mediterranean basin, variability in its oxygen content may propagate in the other water 742 
formation areas (South Aegean, South Adriatic, north-western Mediterranean), and as it constitutes the main precursor 743 
of the Mediterranean Overflow Water, can influence the oxygen and biogeochemical properties of intermediate waters 744 
beyond the Mediterranean in the Northeast Atlantic (Aldama-Campino & Döös, 2020; Stendardo and Gruber, 2012). 745 
Accurately representing these processes is therefore essential for regional biogeochemical models and Earth system 746 
models aiming to capture Mediterranean–Atlantic exchanges and their contribution to large-scale oxygen budgets. 747 

5 Conclusion and future works 748 

The study period was marked by contrasted atmospheric and hydrodynamic winter conditions. The confrontation of 749 
the model results with cruise and BGC-Argo float observations shows the capacity of the model to capture the general 750 
seasonal and spatial dissolved oxygen variability and, as well as the main oxygen features in the basinLevantine Basin. 751 
These in situ observations, particularly from BGC-Argo floats and ship-based measurements, were essential infor 752 
constraining and validating the simulations, without which the model outputs would not have reached their current 753 
level of reliability. The following conclusions can be drawn:  754 

- The model results indicate a clear seasonal cycle for the oxygen air-sea flux. During winter, with the decrease 755 
in temperature, the increase in heat losses and intensified vertical mixing events, the surface layer is 756 
undersaturated in oxygen and thus absorbs, resulting in atmospheric oxygen at the surface. The 757 
undersaturationuptake. Undersaturation averaged over the whole basin reaches 2 % during winter. During 758 
the stratified period, primary production combined with the decrease of the temperature-dependent solubility 759 
in the surfacethin mixed layer above the SOM leads to oxygen oversaturation and subsequent outgassing, 760 
with a maximum oversaturation of 0.6% observed in summer. 761 

- The At the annual scale, the Levantine Basin acts as a net sink for the atmospheric oxygen at an annual scale, 762 
, capturing 1.5 ± 0.6 mol O2 m-2 yr-1 of oxygen. Most of the oxygen uptake occurs during winter, when it 763 
accounts for 10.7 ± 2.8 mol O2 m-2 yr-1. The Rhodes Gyre absorbs atmospheric oxygen at a 2-fold higher rate 764 
than the wholeentire Levantine Basin.  765 

- Our budget shows that the surface layer of the Levantine Basin is a net source of dissolved oxygen for the 766 
intermediate depthswaters, with winter vertical export of oxygen influencedstrongly modulated by the winter 767 
heat loss intensity. Regarding the exchanges with the surrounding seas, we found that oxygen is laterally 768 
transported into the Levantine Basin by surface and intermediate waters originating from the Ionian Sea into 769 
the basin, and from the basin towards the Aegean Sea.. The lateral annual oxygen outflow totoward the 770 
Aegean Sea is strongly enhanced by the heat loss intensity with exports 1.5 and 2.4 times higher during cold 771 
years in the surface and intermediate layer, respectively, compared to mild years.  772 

- TheOn an annual level, the Levantine Basin is found to act as a weak autotrophic ecosystem on an annual 773 
level, with a net community production in the surface layer alternating between auto- and heterotrophic status 774 
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influenced by the magnitude of the winter heat loss. In deeper depths, and respiration and nitrification resulted 775 
in an oxygen consumption of 2.0 ± 0.3 mol O2 m-2 yr-1. Spatially, the Rhodes Gyre appears to be a major 776 
oxygen reservoir across the basin, contributing 41% of the oxygen production of the whole surface layer. 777 

This workstudy represents a first step in our modeling of the dissolved oxygen dynamics in the Levantine Basin. While 778 
the quasi-permanent Rhodes Gyre dominates the basin-scale oxygen budget, transient cyclonic and anticyclonic 779 
mesoscale structures are also expected to contribute to oxygen variability outside this gyre on shorter time scales, in 780 
particular through nutrient upwelling or transport from nutrient-rich coastal waters offshore (Di Biagio et al., 2022; 781 
Pirro et al., 2024). Further investigations focusing on the specific role of thethese various cyclonic and anticyclonic 782 
eddies will be conducted in the future. Besides, severalFuture work could also benefit from applying variability-based 783 
approaches, such as empirical orthogonal function (EOF) or regime-oriented analyses on model fields, to further 784 
disentangle the respective roles of physical and biogeochemical drivers across temporal scales (Di Biagio et al., 2023).  785 

While the 7-year study period provides high-resolution insights into oxygen dynamics, it does not cover long-term 786 
climate shifts such as the EMT. Several studies suggest a decadal variability of dissolved oxygen across the whole 787 
water column linked to the dense water formations in the south Adriatic and Aegean seas and to the general eastern 788 
Mediterranean circulation, notably the reversal of the North Ionian Gyre (Ozer et al., 2020, 2022). A time-extended 789 
Extended the simulation of the coupled modelperiod, in addition to the implementation of a finer vertical resolution 790 
at key depths, could contribute to examining this longer-term variability in the Levantine Basin and the connections 791 
between the sub-basins of the eastern Mediterranean.   Improving the representation of intermediate water oxygen 792 
dynamics in the Mediterranean is also a necessary step toward better quantifying Mediterranean–Atlantic 793 
biogeochemical coupling and its sensitivity to future climate-driven changes in ventilation and circulation. 794 

In memoriam 795 
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