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Abstract. The subsurface oxygen maximum (SOM) is observed in oligotrophic oceans and is associated with different physical 

and biological processes. This study characterises the SOM in the Mediterranean Sea at the basin scale and investigates its 

driving mechanisms by analysing the output of the 1/24° resolution biogeochemical reanalysis provided by the Copernicus 

Marine Service for the 1999-2019 time period. We validated the model-derived oxygen concentration in the epipelagic layer 10 

at different spatial and temporal scales, including novel process comparisons with estimates from in situ observations. 

Moreover, using Biogeochemical-Argo (BGC-Argo) float observations, we estimated the model uncertainty in reproducing 

the SOM concentration and depth in summer (13 mmolO2 m-3 and 13 m, respectively). The western and eastern Mediterranean 

Sea depict different SOM signatures in summer, with higher oxygen values and shallower depths in the western Mediterranean. 

The concentrations and depths (in the ranges of 230-250 mmolO2 m-3 and 30-100 m, respectively) are in agreement with the 15 

estimations from the literature and show mesoscale variability patterns. The western Mediterranean also shows a stronger 

biological activity, specifically oxygen production and consumption, along the whole epipelagic layer and higher oxygen 

concentrations at the surface throughout the year, but heavy undersaturated waters are associated with winter deep convection 

in the northwestern Mediterranean Sea. A one-year analysis conducted on selected areas that are representative of the 

heterogeneity of summer SOM highlighted that the SOM can actually be sustained by biological production (as in northwestern 20 

Mediterranean areas), or it can be a residual of the confinement of spring production (as in the central Ionian area, and vertical 

motions influence its depth (as in the Levantine subduction area). 

1 Introduction 

Oxygen is an essential element for life on Earth, and its production by phytoplankton photosynthesis is a main contributor to 

the global oxygen budget (Field et al., 1998; Behrenfeld et al., 2001; Bollmann, 2010). Parallel to the reduction in marine 25 

productivity, which has already been observed in several regions during recent decades (Capuzzo et al., 2018; Roxy et al., 

2016; Osman et al., 2019), a general loss of 2% of the total oxygen content in the global ocean was estimated over the 1960-

2008 period (Schmidtko et al., 2017), with a negative trend recently confirmed until 2018 (Stramma and Schmidtko, 2019) 

and an expansion of the oxygen minimum zones (OMZs; Rabalais et al., 2010; Stramma and Schmidtko, 2019). Model-derived 
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scenarios (e.g., Bopp et al., 2013; Kwiatkowski et al., 2020) also project deoxygenation and a primary production decline in 30 

the global ocean for the coming decades as a consequence of climate change. 

A significant contribution to global marine productivity comes from oligotrophic regions, despite their low chlorophyll 

contents (<0.1 mg m-3, Antoine et al., 1996), by virtue of their extents, which are 40-50% of the global ocean (Mignot et al., 

2014; Polovina et al., 2008). In these areas, vertical chlorophyll and oxygen profiles typically display a subsurface maximum. 

The deep chlorophyll maximum (DCM) and subsurface oxygen maximum (SOM) are observed at depths of 50-200 m (Furuya, 35 

1990; Mignot et al., 2014) and 40-125 m (Riser and Johnson, 2008; Yasunaka et al., 2021), respectively, either throughout the 

year or in specific seasons. 

The classic view that attributes the high values of subsurface oxygen to a biological origin (e.g. Najjar and Keeling, 1997) is 

actually supported by several studies using both in situ measurements (e.g., Biogeochemical-Argo (BGC-Argo) floats or 

profiling buoys) and numerical models, both in subtropical gyres (e.g., Fujiki et al., 2020; Richardson and Bendtsen, 2017; 40 

Riser and Johnson, 2008) and other areas (e.g., Mathew et al., 2021). In addition, there is evidence of a disentanglement 

between the accumulation of oxygen under the surface and biological production; e.g., Martz et al. (2008) observed an SOM 

at 40°S in the South Pacific Ocean, which was formed because of the loss of oxygen by heating and solubility-related processes 

in the above mixed layer and respiration at depths below the SOM. Chen and McKinley (2019) found that a downwards 

isopycnal displacement of oxygen produced during the spring bloom was responsible for oxygen accumulation in May-October 45 

in the 50-100 m layer of the oligotrophic subtropical gyre of the North Atlantic. Finally, Smyth et al. (2019) observed an SOM 

13-87 m above the DCM in permanently stratified tropical and subtropical areas of the Atlantic Ocean and interpreted this 

mismatch as a signal of productivity enhanced by high light levels rather than by high values of chlorophyll, with the DCM 

indicating a community of high chlorophyll:carbon ratio phytoplankton adapted to low light conditions. 

In this paper, we investigated the SOM as a key variable for describing the interconnections between physics and biology in 50 

the ocean. In fact, this variable is an emergent property of the marine ecosystem (sensu Hipsey et al., 2020) and constitutes the 

final product of a series of chemical, physical and biological processes: air-sea interactions, horizontal/vertical transport and 

mixing/stratification of water masses, and production and consumption by marine organisms. In comparison to apparent 

oxygen utilisation (AOU), which is an estimate of oxygen consumption that is typically used at intermediate and high depths 

to evaluate water ages (e.g., Karstensen et al., 2008) or decadal variations in ocean ventilation (e.g., Mavropoulou et al., 2020), 55 

the SOM variable is representative of shorter (e.g. seasonal) temporal scales in subsurface layers, i.e., of different dynamics 

within the water column. 

Moreover, since estimates of marine oxygen variability have been extensively derived in recent decades from both in situ 

measurements (cruises, fixed stations, BGC-Argo floats and gliders; e.g., Bailey et al., 2019; Claustre et al., 2020; Key et al., 

2015; Tanhua et al., 2013; Testor et al., 2019) and numerical models (e.g., Peña et al., 2010), we propose that the SOM, as the 60 

OMZ and AOU are for other aspects, could be a suitable and robust feature in oligotrophic seas to evaluate and monitor the 

ecosystem state and productivity from both a present variability and future scenario point of view. 
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In particular, in this work, we mapped the SOM concentration and depth for the first time in the Mediterranean Sea and 

evaluated the impact of biological and physical processes on its onset and development. 65 

The Mediterranean Sea is an oligotrophic area (Siokou-Frangou et al., 2010), is considered a “laboratory ocean” for studying 

marine ecosystems (Malanotte-Rizzoli and Eremeev, 1999) and has proven to be particularly sensitive to climate change 

(Giorgi, 2006; Planton et al., 2012). Previous studies focused on recent decades have shown that oxygen variability in the basin 

is mainly due to multidecadal shifts rather than to a general trend (Mavropoulou et al., 2020; Schneider et al., 2014). However, 

slightly weak ventilation after 2016 was observed in the western basin (Li and Tanhua, 2020), as well as a net decrease in 70 

oxygen in the 1200-2000 m layer of the southeastern Mediterranean (Sisma-Ventura et al., 2021) and a negative oxygen trend 

at the surface was estimated from a biogeochemical reanalysis (Cossarini et al., 2021) covering the last two decades. 

Mediterranean Sea deoxygenation has also been confirmed by climate projections both at surface and in subsurface layers 

(Powley et al., 2016; Reale et al., 2022), where the change in solubility related to ocean warming conditions has been estimated 

as the main driver of the process. 75 

While several studies have focused on the long-term oxygen variability, the oxygen dynamics at the mesoscale, such as the 

SOM and its relationship with other emerging features, have been poorly investigated. Indeed, few studies have reported the 

presence of an SOM in the summer season, concurrently with the DCM (Barbieux et al., 2019; Lavigne et al., 2015; Siokou-

Frangou et al., 2010), which is located at slightly lower depths (Balbín et al., 2014; Cossarini et al., 2021; Salon et al., 2019). 

The importance of physical processes for SOM formation has been stressed in some areas (Kress and Herut, 2001). Sparse in 80 

situ measurements suggest a depth for the SOM that is approximately equal to 50 m in most of the basin (Manca et al., 2004; 

Ulses et al., 2021), while local differences are present (e.g., 20-40 m at the DYFAMED site, Copin-Montégut and Bégovic, 

2002; 80 m in the southern Levantine Sea, Kress and Herut, 2001). 

The use of a coupled hydrodynamic-biogeochemical model is necessary to characterise the SOM across the basin and to 

evaluate its driving physical and biological processes down to a local scale. In particular, we used the state-of-the-art 85 

biogeochemical reanalysis of the Mediterranean Sea at a horizontal resolution of 1/24° (Cossarini et al., 2021), which was 

released as a Copernicus Marine Service (CMEMS) product (Teruzzi et al., 2021). This reanalysis, which was quantitatively 

assessed with 3 different validation levels (sensu Hipsey et al., 2020), has shown good performance in simulating the 

biogeochemical state and variability of the Mediterranean Sea down to the mesoscale (estimated at an average of 45 km in the 

Mediterranean Sea, Amores et al., 2019; Bonaduce et al., 2021), especially in the epipelagic layer (i.e., 0-200 m) that hosts the 90 

DCM and SOM, whose characteristics were in good agreement with BGC-Argo float observations (Cossarini et al., 2021). 

Therefore, we considered this reanalysis a suitable tool to investigate the physical and biological processes on the basis of 

these emergent properties. In this regard, we also present here for the first time a validation of biological processes related to 

oxygen production and consumption, gross primary production (GPP), community respiration (CR) and net community 

production (NCP) and discuss the model uncertainties and the limits of the comparison process with in situ measurements. 95 
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The paper is organised as follows: Section 2 describes the setup of the model implemented to perform the biogeochemical 

reanalysis, with a focus on the oxygen simulation and the data used for the validation of oxygen profiles, concentration and 

depth of the SOM and production/respiration processes. Section 3 collects the results based on the validation procedure 

(Section 3.1) and investigated oxygen dynamics (Section 3.2). In particular, we first illustrate the main differences in mean 100 

oxygen profiles and biological processes (Section 3.2.1) between the western and eastern Mediterranean Sea. Then, we focus 

on the summer SOM features across the basin (Section 3.2.2) and on the biological and physical contributions to its onset and 

development (Section 3.2.3). The discussion and conclusions finally follow in Sections 4 and 5, respectively. 

2 Materials and methods 

2.1 Reanalysis model system 105 

Oxygen dynamics in the Mediterranean Sea were investigated from the output of the Mediterranean Sea biogeochemical 

reanalysis covering the period of 1999-2019 at 1/24° of horizontal resolution (approximately equal to 4 km), which was 

released as a CMEMS product (https://marine.copernicus.eu/). While the full setup and validation of the Mediterranean Sea 

biogeochemical reanalysis have been illustrated in detail by Cossarini et al. (2021), the present article briefly introduces the 

main features of the model system and focuses on oxygen-related aspects. 110 

The Mediterranean biogeochemical reanalysis was produced by means of the MedBFM model system (Fig. 1), which includes 

the OGSTM transport model (Lazzari et al., 2012, 2016) coupled with the BFM biogeochemical flux model (Vichi et al., 2020) 

and the 3DVar-Bio variational data assimilation module for surface chlorophyll (Teruzzi et al., 2014, 2018). The ocean 

dynamic forcing of MedBFM is the CMEMS Mediterranean physical reanalysis driven by the ECMWF-ERA5 atmospheric 

fields (Escudier et al., 2021), which provides the following daily fields: 3D currents, temperatures, salinities, diffusivities, and 115 

2D wind stress and solar radiation values. The CMEMS ocean colour chlorophyll product (Colella et al., 2021) is assimilated 

weekly. 

Initial conditions for the oxygen concentrations were taken from the “EMODnet_int” dataset (Cossarini et al., 2021), which 

consists of the integration of the aggregated EMODnet data collections (Buga et al., 2018) and the datasets listed in Cossarini 

et al. (2015) and Lazzari et al. (2016). In particular, we initialised the Mediterranean areas corresponding to 16 subbasins (Fig. 120 

2) with vertical climatological profiles obtained by averaging available data selected in the 1997-2007 period. 
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Figure 1: MedBFM model system used to simulate oxygen dynamics depicted with its interfaces with other CMEMS system 
components, where sources/references for modelled oxygen are highlighted in bold. Oxygen as a tracer variable is advected/diffused 
(OGSTM-transport model), and its concentration varies with other biogeochemical and environmental variables (BFM-125 
biogeochemical model). The main biogeochemical processes that change the oxygen concentration (i.e., photosynthesis, respiration, 
(de)nitrification, and air-sea fluxes) within BFM components are highlighted by thick arrows. In the figure, i=C,N,P, Si, Chl is for 
phytoplankton and i=C,N,P for bacteria, zooplankton and organic matter (but i=C,N,P, Si is for R(4)). References are given in the 
text, and further details can be found in Cossarini et al. (2021). 

The open boundary conditions for oxygen in the Atlantic Ocean at the longitude of 9°W were provided as a climatological 130 

profile computed by averaging data from World Ocean Atlas 2018 (hereafter WOA2018; Garcia et al., 2019 data from 

https://www.nodc.noaa.gov/OC5/woa18) for the following area: Lon=8°W-9°W and Lat=34°N-37°N. The oxygen units were 

converted to mmolO2 m-3 by using the seawater density profile computed from temperature and salinity data provided by 

WOA2018. A nudging scheme was employed in the 7°W-9°W area, and the same profiles were used to avoid numerical 

instability. Terrestrial inputs of oxygen were supplied by 39 rivers (whose positions are indicated in Fig. 2), where the typical 135 

concentration in freshwater was set equal to the saturation value at 15 °C and 5 PSU. 

The dissolved oxygen (also simply referred to as oxygen) concentration is a state variable in the BFM (O2), and it varies in the 

model by means of physical and biogeochemical processes, with physical processes including both transport processes and 

air-sea exchanges (Eq. 1). Transport (first term of the right hand side of Eq. 1) comprises advection and diffusion processes, 

with v velocities and K diffusivities; air-sea exchanges (second term of Eq. 1) are expressed as the ratio between the surface 140 

flux of oxygen O2flux and the thickness of the first vertical (near-surface) level hsurf provided by the model grid; biogeochemical 

reactions (third term of Eq. 1) involve plankton groups (phyto-, zoo- and bacterio-plankton) and some dissolved inorganic 

components (collected within the set of biogeochemical variable concentrations {C}), as well as some environmental variables 

(i.e., the seawater temperature T as a regulating factor and the photosynthetically active radiation PAR): 
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In particular, the flux of oxygen at the air-sea interface (in the second addend of Eq. 1) is modelled as: 

𝑶𝟐QRS% = 𝐾U(𝑶𝟐E9) − 𝑶𝟐ES8Q),                  (2) 

where O2surf is the oxygen at the surface; O2sat is the oxygen at the saturation level, as computed by following Garcia and 

Gordon (1992); and Kw is the gas transfer velocity (Wanninkhof, 2014). 

Biogeochemical processes with varying oxygen concentrations (third addend of Eq. 1) are the gross primary production (gpp) 150 

by the 4 subgroups of phytoplankton P(j) (with j=1,2,3,4) and three different consumption processes: respiration (rsp) by 4 

phyto-, 4 zoo-, and 1 bacterio-plankton subgroups (P(j), Z(j), B, respectively), nitrification (nit) and reoxidation (reox), 

according to the following formula: 
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in which: 155 

- ΩO2c, ΩO2n and ΩO2r are constant stoichiometric coefficients used to convert all the rates into oxygen units (e.g., 

primary production and respiration are computed in terms of the carbon content, as indicated by the c subscript of 

P(j), Z(j), B); 

- fO2B is an oxygen regulating factor for the switch between aerobic and anaerobic conditions for bacterioplankton 

(specified in Eq. S1 in the Supplementary Material); 160 

- the nitrification rate is parametrized and is dependent on ammonium (A) and oxygen concentrations (according to 

Eqs. S2-S3 in the Supplementary Material); 

- the reoxidation process concerns all the reduced chemical species produced as a result of bacterial anoxic respiration, 

which in the BFM are contained in a unique state variable (i.e., “reduction equivalents” Req, which are assumed to be 

chemically equivalent to the HS- sulphide ion) and reoxidise in the presence of oxygen (according to Eq. S4 in the 165 

Supplementary Material). 

Table ST1 in the Supplementary Material summarises the numerical values of the parameters named in the text. 

In terms of community production and respiration, Eq. 3 can be rewritten as: 

	!𝑶𝟐
!)
V
OCP

≡ 	𝑁𝐶𝑃 = 𝐺𝑃𝑃 − 𝐶𝑅,                  (4) 

in which: 170 

- NCP is the net community production; 

- GPP is the gross primary production (gpp) by phytoplankton only; 

- CR is the community respiration, accounting for respiration (rsp) by phyto-, zoo- and bacterio-plankton, plus 

nitrification (nit) and reoxygenation (reoxy) processes; 

and the three quantities are converted from carbon to oxygen units. 175 
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2.2 Data for validation procedure 

A general validation of the Mediterranean reanalysis presented in Section 2.1 has already been conducted by Escudier et al.    

(2021) for the physical component and by Cossarini et al. (2021) for the biogeochemical component. In Section 3.1 of this 

work, we report the validation of both the oxygen concentration and processes related to oxygen variation in the Mediterranean 

Sea; this validation was carried out by comparing model outputs with available datasets, literature and repository data. 180 

In particular, oxygen concentrations provided by the MedBFM reanalysis were validated by using observations taken from the 

EMODnet_int dataset (i.e., the aggregation of EMODnet data collections (Buga et al., 2018) and the datasets in Lazzari et al., 

2016 and Cossarini et al., 2015) in the 1999-2016 period and temporal evolutions of BGC-Argo float profiles retrieved from 

the Coriolis/Ifremer data centre (Thierry et al., 2018). GPP, CR and NCP derived from the reanalysis outputs were instead 

compared with observations from the literature and data repositories (Gazeau et al., 2021; González et al., 2008; Lagaria et al., 185 

2011; Lemee et al., 2012; Regaudie-De-Gioux et al., 2009). Table ST2 in the Supplementary Material summarises the number 

of profiles of observations used in the validation procedure and the time periods covered by the datasets. The locations of the 

planktonic metabolism observations are indicated in Fig. 2. 

 
Figure 2: Mediterranean Sea domain, with the bathymetric contour at 200 m (light blue line) and cyan dots with numbers 190 
corresponding to the main river mouth positions: Nile (1), Ebro (2), Po (3), Rhone (4), Vjosë (5), Seman (6), Buna/Bojana (7), Piave 
(8), Tagliamento (9), Soca/Isonzo (10), Livenza (11), Brenta-Bacchiglione (12), Adige (13), Lika (14), Reno (15), Krka (16), Arno (17), 
Nerveta (18), Aude (19), Trebisjnica (20), Tevere (21), Mati (22), Volturno (23), Shkumbini (24), Struma/Strymonas (25), 
Meric/Evros/Maritsa (26), Axios/Vadar (27), Arachtos (28), Pinios (29), Acheloos (30), Gediz (31), Buyuk Menderes (32), Kopru (33), 
Manavgat (34), Seyhan (35), Ceyhan (36), Gosku (37), Medjerda (38), Asi/Orontes (39). Subbasins used in the validation procedure 195 
are indicated by black contours and acronyms. According to data availability and to ensure the consistency and robustness of the 
metrics, aggregated subbasins were also used: swm = swm1+swm2; tyr = tyr1+tyr2; adr = adr1+adr2; ion = ion1+ion2+ion3; lev = 
lev1+lev2+lev3+lev4. Red squares indicate the sampling locations of planktonic metabolism observations. 
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3 Results 

3.1 Validation procedure 200 

With the 3-level validation framework introduced by Hipsey et al. (2020), which has been applied to the MedBFM 

biogeochemical reanalysis in Cossarini et al. (2021), the validation of oxygen presented in this paper involved different spatial 

and temporal scales, depending on the availability of observations (Sect 2.2). In particular, EMODnet_int supported a subbasin 

scale and a selected vertical discretization evaluation of the model performances for reproducing the mean annual values (i.e., 

“state validation” sensu Hipsey et al., 2020). On the other hand, BGC-Argo float data served for “match-ups” between observed 205 

and model profiles at the daily scale that aimed to i) assess the temporal evolution of the processes along the vertical direction 

and ii) characterise the subsurface oxygen maximum (SOM) as a key property emerging from the ecosystem dynamics at the 

mesoscale (“system validation” sensu Hipsey et al., 2020). In this case, the concentrations of modelled dissolved oxygen were 

extracted at the same locations and time as the BGC-Argo observations, the skill performance metrics were computed on the 

basis of observation-model misfits and then the overall metrics were obtained by aggregating the partial results for each 210 

subbasin (Salon et al., 2019). Finally, the sparse spatial and temporal estimations of GPP, CR and NCP data allowed a “process 

validation” (sensu Hipsey et al., 2020) only at the subbasin scale and for selected vertical layers on the climatological (annual 

or seasonal) scale. 

While a general validation of the oxygen concentration in the deeper layers can be found in Cossarini et al. (2021), the present 

validation focuses on the epipelagic layer given its relevance for SOM characterisation. 215 

3.1.1 State and system validation 

Modelled oxygen concentrations show decreasing west-east and north–south gradients at the surface, with values in agreement 

with EMODnet_int climatology (Fig. 3a, 3e). Towards the bottom of the epipelagic layer (Fig. 3d, 3h), we notice a higher bias, 

which is also present in the deeper layers (Cossarini et al., 2021). 

In addition, considering a larger dataset for vertical properties (i.e., BGC-Argo float observations), Figure 4 shows the root 220 

mean square difference (RMSD) computed in open-sea aggregated subbasins and vertical layers in the first 300 m of depth 

with respect to both the EMODnet_int and BGC-Argo data. The reanalysis reproduces the spatial and temporal evolution of 

the oxygen concentrations in the upper 30 m depth well in both subbasins, with errors lower than 15 mmolO2 m-3. Although 

oxygen concentrations are typically overestimated by the model at the bottom of the epipelagic layer (Fig. 3, and Cossarini et 

al., 2021), RMSD values remain lower than 20 and 25 mmolO2 m-3 in the eastern subbasins and in the western subbasins for 225 

EMODnet_int, respectively. RMSD values with respect to the BGC-Argo floats are nearly 35 mmolO2 m-3 only in the 

northwestern Mediterranean Sea (nwm) and southwestern Mediterranean Sea (swm) in this layer. RMSD estimations in the 

Alboran Sea and Aegean Sea with respect to EMODnet_int (Cossarini et al., 2021) are in agreement with the recognised upper 

limits of 15 and 25 mmolO2 m-3 in the 0-30 m and 150-300 m depth layers, respectively. 

 230 
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Figure 3: Mean maps of modelled oxygen concentrations (a-d) and EMODnet_int observations (e-h) averaged in selected vertical 
layers (0-30 m, 30-80 m, 80-110 m, and 110-200 m) in the 16 Mediterranean subbasins in the 1999-2019 time period. 

 

The system validation (Hipsey et al., 2020) evaluates the model’s ability to reproduce the subsurface oxygen maximum (SOM) 235 

in summer as an emergent property that arises from interconnected physical and biological processes. Table 1 shows the 

metrics of RMSD/BIAS between the model and the BGC-Argo float vertical profiles for the SOM concentration and depth in 

summer, along with their mean values according to the observations. BGC-Argo floats provide SOM concentrations that are 

approximately equal to 240-260 mmolO2 m-3 and depths in the 20-50 m range. We obtain a high accuracy in reproducing these 

features since the RMSD of the concentration is lower than 15 mmolO2 m-3 and the RMSD of the depth is approximately equal 240 

to 13 m, which is small compared with the vertical resolution of the model (5-10 m at a depth of 50-200 m). Moreover, the 

reanalysis simulation typically underestimates the maximum concentration values, except in the northwestern Mediterranean 

Sea, and reproduces an SOM deeper than approximately 6 m. 
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 245 
Figure 4: Mean RMSD between modelled oxygen outputs and BGC-Argo floats versus mean RMSD of modelled oxygen outputs and 
the EMODnet_int dataset in open-sea aggregated subbasins in the western (left) and eastern (right) Mediterranean Sea. Metrics are 
computed for selected layers (0-30 m, 30-60 m, 60-100 m, 100-150 m, and 150-300 m) and averaged over the 1999-2019 time period. 

 

SOM concentration 

[mmolO2 m-3] 

SOM depth 

[m] 

REF 

mean ± SD  
BIAS RMSD 

REF 

mean ± SD  
BIAS RMSD 

swm 252.1±9.9 -5.2 11.0 44±9 11 18 

nwm 245.4±9.6 1.8 9.3 39±15 1 11 

tyr 257.3±8.6 -9.7 13.0 42±10 2 9 

adr 264.0±2.6 -14.0 14.1 22±3 3 5 

ion 253.1±4.1 -13.4 13.9 46±17 4 16 

lev 249.9±4.1 -15.0 15.4 49±12 12 17 

Table 1: SOM concentration and depth in the Mediterranean aggregated subbasins during the July-August-September (JAS) period 
in January 2013-December 2019: mean and standard deviation of BGC-Argo float observations, BIAS and RMSD of the model with 250 
respect to observations. 
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3.1.2 Process validation 

To validate the community production and respiration processes, we use the in situ measurements of planktonic metabolism 

indicated in Fig. 2. These observations can be divided into two groups: (i) seasonally sampled in situ data in the nwm subbasin 

in coastal areas (González et al., 2008) and at the open-sea DYFAMED site, which are limited to CR measurements (from 255 

Lemee et al., 2012); and (ii) measurements collected in late spring-early summer at a variety of sites in the zonal direction and 

grouped into swm, tyr, aeg, ion and lev subbasins (Gazeau et al., 2021; Lagaria et al., 2011; Regaudie-De-Gioux et al., 2009). 

Given the limited number of observations (see Table ST2 in the Supplementary Material), the assessment aims to evaluate the 

model’s ability to reproduce (i) the seasonal differences in production and respiration rates (Table 2) and (ii) the climatological 

values across the basin in the early stratification period (Table 3). 260 

Table 2: Mean and uncertainty estimation for the daily rate of oxygen concentration associated with gross primary production 
(GPP), community respiration (CR) and net community production (NCP) in the nwm subbasin in winter (December-January-
February), spring (March-April, data in May are not available) and summer (June-July-August), according to in situ observations 
(OBS) in the coastal areas (from Gonzàlez et al., 2008) and at the open-sea DYFAMED site (from Lemee et al. 2012) and model 
output (MODEL) in the subbasin and corresponding layers: 0-30 m for the coast and 0-20 m, 30-50 m and 90-130 m for the open 265 
sea. The number N of available observations for each vertical layer is indicated in parentheses, and the uncertainties associated with 
the observations are estimatedfrom the minimum-maximum range of values. For model statistics, the mean is computed by 
averaging the weekly means in nwm over the vertical levels belonging to the layer, whereas min and max indicate the minimum and 
maximum weekly means in the layer for the considered season. 

COAST  
(0-30 m) 

GPP  
[mmolO2 m-3 d-1] 

CR  
[mmolO2 m-3 d-1] 

NCP 
[mmolO2 m-3 d-1] 

OBS 
        mean  (N) 

(min / max) 

MODEL 
mean 

(min / max) 

OBS 
mean  (N) 

(min / max) 

MODEL 
mean 

(min / max) 

OBS 
mean  (N) 

(min / max) 

MODEL 
mean 

(min / max) 

WIN 
        1.21    (4) 

(0.55 / 2.14) 
0.57  

(0.09 / 2.21)  
0.61     (4) 

(0.25 / 1.03) 
0.29 

(0.15 / 0.89)  
 0.60  (4) 

(-0.29 / 1.38) 
0.27 

(-0.10 / 1.32) 

SPR 
        3.40    (4) 

(1.37 / 5.86) 
1.24  

(0.22 / 3.22)  
      0.74      (4) 

(0.61 / 0.96) 
0.82 

(0.26 / 2.15) 
         2.67  (4) 

(0.73 / 5.25) 
0.43 

(-0.25 / 1.90) 

SUM         2.57   (19) 
(0.02 / 5.81) 

1.08  
(0.55 / 2.48) 

      2.81     (19) 
(0.27 / 7.10) 

1.00 
(0.58 / 1.84) 

 -0.19 (20) 
(-6.01 / 4.41) 

0.09 
(-0.12 / 0.76) 

OPEN 
SEA 

CR [mmolO2 m-3 d-1] 

SURF (0-20 m) MID (30-50 m) DEEP (90-130 m) 

OBS 
  mean  (N) 

(min / max) 

MODEL 
mean 

(min / max) 

OBS 
 mean  (N) 

(min / max) 

MODEL 
mean  

(min / max) 

OBS 
 mean  (N) 

(min / max) 

MODEL 
mean  

(min / max) 

WIN  1.24 (7) 
(0.01 / 3.11) 

0.23  
(0.11 / 0.70) 

         0.87  (5) 
(0.39 / 2.05) 

0.16 
(0.08 / 0.43) 

1.07 (8) 
(0.01 / 2.94) 

0.04 
(0.02 / 0.10) 

SPR          2.08  (3) 
(1.42 / 2.68) 

0.86  
(0.13 / 1.85)  

1.60 (3) 
(1.16 / 2.09) 

0.46 
(0.09 / 0.99) 

         1.87  (4) 
(1.11 / 3.75) 

0.06 
(0.03 / 0.24) 

SUM 
1.71  (4) 

(0.01 / 5.53) 
0.89 

 (0.60 / 1.30) 
1.54 (4) 

(0.24 / 3.84) 
0.78 

(0.48 / 1.15) 
         1.02  (4) 

(0.26 / 2.11) 
0.26 

(0.08 / 0.58) 
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 270 

Table 3: Mean and uncertainty estimation for the daily rate of oxygen concentration associated with gross primary production 
(GPP), community respiration (CR, as total plankton respiration plus nitrification and reoxidation) and net community production 
(NCP=GPP-CR), according to in situ open-sea observations (OBS, from Regaudie-de-Gioux et al., 2009; Lagaria et al. 2011; Gazeau 
et al. 2021) and model outputs (MODEL), in different vertical layers (SURF: 0-30 m, MID: 30-80 m, and DEEP: 80-110 m) and 
Mediterranean Sea subbasins (swm = swm1+swm2, tyr = tyr2, aeg, ion = ion1+ion2+ion3, and lev = lev1+lev2+lev3+lev4 in Fig. 1). 275 
We excluded observations close to the coast. The number N of available observations for each subbasin and vertical layer is indicated 
in parentheses. Uncertainties associated with the observations are estimated from the minimum-maximum range of values, except 

OPEN 
SEA SUB 

GPP  
[mmolO2 m-3 d-1] 

CR  
[mmolO2 m-3 d-1] 

NCP 
[mmolO2 m-3 d-1] 

OBS 
     mean     (N) 

(min / max) or 
SE 

MODEL 
mean  

(min / max) 

OBS 
   mean     (N) 

(min / max) or 
SE 

MODEL 
mean  

(min / max) 

OBS 
mean     (N) 

(min / max) or SE 

MODEL 
mean  

(min / max) 

SURF  
 < 

30m  

swm  0.92     (1) 
SE = 0.39 

0.90  
(0.52 / 1.53)  

0.63    (1) 
SE = 0.38 

0.84  
(0.55 / 1.17) 

  -2.40  (3) 
(-18.55/11.06) 

0.05 
(-0.09 / 0.44) 

tyr  1.47 (3) 
(0.58 / 3.21) 

0.69  
(0.44 / 1.23)  

2.89    (3) 
(0.56 / 5.11) 

0.66 
(0.47 / 1.04)   

 -0.95    (5) 
(-4.5 / 1.39) 

0.04 
(-0.07 / 0.21) 

aeg  1.84    (2) 
(1.75 / 1.92) 

0.68   
(0.41 / 1.11) 

3.81    (2) 
(2.88 / 4.74) 

0.62  
(0.30 / 0.92)  

 -1.98    (2) 
(-2.82 / -1.13) 

0.06 
(-0.05 / 0.51) 

ion 
  1.90   (10) 
(0.58 / 3.63) 

0.60  
(0.35 / 1.24)  

 2.34   (10) 
(0.05 / 6.46)  

0.56  
(0.34 / 0.98)  

  -0.18   (12) 
(-2.83 / 2.69) 

 0.04 
(-0.06 / 0.26) 

lev 
 0.70    (4) 

(0.12 / 1.84) 
0.55  

(0.33 / 0.90)  
       1.11    (4) 

(0.38 / 2.27) 
0.52 

(0.33 / 0.79)   
 -0.41    (4) 

(-0.78 / -0.18) 
0.03 

(-0.08 / 0.21) 

MID 
 30m 
– 80m  

swm x 
0.85  

(0.07 / 1.33)  x 
0.79 

(0.23 / 1.09)   
 -2.23    (1) 
(SE = 0.08) 

0.06 
(-0.17 / 0.34) 

tyr   1.56    (1) 
SE = n.d. 

0.62 
(0.16 / 0.95)   

1.84     (1) 
SE = 0.35 

0.60  
(0.24 / 0.84)  

 -0.28    (1) 
SE = 0.44 

0.02 
(-0.11 / 0.25) 

aeg  0.44    (1) 
SE = 0.82 

0.56  
( 0.09 / 0.86)  

2.95     (1) 
SE = 0.82 

0.52   
(0.12 / 0.76) 

 -2.51    (1) 
SE = 0.80 

0.04 
(-0.08 / 0.23) 

ion  2.08    (2) 
(1.51 / 2.65) 

0.53  
(0.22 / 1.43)  

2.10     (2) 
(0.22 / 3.97) 

0.52   
(0.18 / 1.11) 

  -0.02   (2) 
(-1.32 / 1.29) 

0.01  
(-0.13 / 0.41) 

lev 
 1.48    (3) 

(0.24 / 2.93) 
0.57 

(0.29 / 1.27)   
2.14     (3) 
(1.46 / 2.5) 

0.55  
(0.26 / 0.98)  

  -0.67  (3) 
(-2.26 / 1.47) 

0.02   
(-0.13 / 0.41) 

DEEP 
 80m 

– 
110m  

swm x 
0.32  

(0.01 / 0.95)  x 
0.40  

(0.10 / 0.80)  x 
-0.08 

(-0.24 / 0.18) 

tyr x 
0.38  

(0.01 / 0.78)  x 
0.38  

(0.07 / 0.67)  x 
0.00  

(-0.13 / 0.23) 

aeg x 0.29   
(0.02 /0.68) 

x 0.28 
(0.05 / 0.59)   

x 0.02   
(-0.09 / 0.15) 

ion 1.27    (4) 
(0.07 / 3.58) 

0.38 
(0.03 / 0.88)   

     2.71     (4) 
(0.9 / 6.15) 

0.37  
(0.05 / 0.67)  

-1.44    (4) 
(-2.75 / 0.15) 

0.01  
(-0.10 / 0.26) 

lev 0.16    (1) 
SE = 0.39 

0.49 
(0.14 / 1.07)   

      0.74     (1) 
SE = 0.39 

0.47  
(0.12 / 0.84)  

-0.58   (1) 
SE = 0.17 

0.02   
(-0.11 / 0.32) 
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for the case of one single observation (N=1), for which the reference uncertainty from the literature (as standard error, SE)is 
indicated when available (otherwise, indicated as not determined, n.d.). Model means are computed in May-June, since 95% of the 
observations refer to these months in 1999-2019. For model statistics, the mean is computed by averaging the means of the subbasins 280 
belonging to the aggregated subbasins over the vertical levels belonging to the layer, whereas min and max indicate the minimum 
and maximum subbasin weekly means in the aggregated subbasin and layer.  

Table 2 shows that the reanalysis captures some features of the seasonal cycle and of the vertical gradient of respiration in the 

northwestern Mediterranean Sea. In fact, in the coastal zones (0-30 m), the highest values of gross primary production and net 

community production are recorded in spring, whereas the summer season displays relatively high values of GPP and the 285 

maximum CR value, which is in agreement with the observations. Moreover, the highest values of respiration in the open sea 

are at the surface in all the considered seasons, and there is a high variability in the summer respiration at the surface and in 

the DCM layer (30-50 m), as in the observations. However, productivity and respiration provided by the reanalysis in the 

northwestern Mediterranean Sea are typically lower by factors of 2-3 (5 in the open sea in winter) in the first 50 m and factors 

of 10-20 in the vertical range of 90-130 m, where observations display a large range of values. 290 

Considering the late spring-early summer estimations, the reanalysis provides values of GPP and CR in the open sea that are 

2-4 times lower than the in situ values in the swm, tyr, aeg, ion and lev subbasins (Table 3); however, NCP values are 

compatible with the equilibrium between production and respiration in the first 110 m. Observations indicate a negative net 

community production equal to approximately 1 mmolO2 m-3 d-1, but with a range of values that makes the estimate compatible 

with equilibrium in 50% of cases. The west-east decreasing gradient of the modelled GPP and CR in the first 80 m does not 295 

have a clear correspondence in the in situ data, which are quite scarce and often affected by large range of values. 

Regarding the validation of vertically integrated production estimates, the mean annual model-derived NPP (Fig. S1 in the 

Supplementary Material) integrated in the epipelagic layer is in good agreement with both satellite estimations and literature 

data, as reported in Cossarini et al. (2021). 

3.2 Oxygen dynamics in the epipelagic layer 300 

Given the satisfactory results of the reanalysis to describe oxygen variability and dynamics in the epipelagic layer at the meso- 

and seasonal scales, we use the reanalysis to investigate the SOM 1) by analysing the mean vertical oxygen profiles and the 

biological processes in the epipelagic layer of the western and eastern Mediterranean Sea (Section 3.2.1); 2) by focusing on 

the summer season by mapping the SOM in the basin (Section 3.2.2) and investigating how different physical processes at the 

mesoscale can interact with the biological production and consumption of oxygen in the subsurface layer (Sect 3.2.3). 305 

3.2.1 Oxygen dynamics driven by biological processes 

As a first characterisation of the oxygen dynamics and the impact of biological processes occurring in the Mediterranean 

epipelagic layer, Fig. 5 reports the mean seasonal profiles of oxygen and their production and consumption rates (Eq. 3) in the 

western and eastern Mediterranean Sea (hereafter western Med and eastern Med). 
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Oxygen profiles depict a seasonal variability with a surface maximum in winter and the presence of SOM in the other seasons, 310 

which is more pronounced in summer. The surface and SOM concentration values are higher in the western Med than in the 

eastern Med. 

At the surface, NCP, estimated as the difference between gross primary production (GPP, red line in Fig. 5) and CR (total 

consumption, black line), always appears positive during the year in both Mediterranean subdomains. However, the western 

Med displays a higher biological activity, since both production and respiration are higher than those in the eastern Med in all 315 

seasons. The compensation depth, i.e., the depth at which CR is equal to GPP, displays an increasing west-east depth gradient, 

except in summer, and reaches its maximum in the spring season: close to 80 and 110 m for the western and eastern Med, 

respectively (Fig. 5). 

While GPP is at a maximum at the surface in all seasons, the spring and summer profiles display a second relative subsurface 

maximum. In spring, the GPP subsurface maximum values are 0.8 and 0.5 mmolO2 m-3 d-1 at 50 m and at 80 m in the western 320 

Med and eastern Med, respectively. In summer, we observe relatively lower values of biological activity (e.g., GPP close to 

0.7 and 0.3 mmolO2 m-3 d-1, respectively) at higher depths, i.e., at 60 m in the western Med and 90 m in the eastern Med. 

Oxygen production and consumption profiles display spatial standard deviations that make them consistent with the 

equilibrium state in spring and summer, i.e., estimations of the mean values of the profiles and compensation depths in these 

seasons might have great variability at the climatological subbasin scale. 325 

Finally, we observe that reoxidation and nitrification processes supply a joint contribution lower than 3% of the total 

consumption in the epipelagic layer (as obtained by dividing the 0-200 m integration of the values indicated by the dotted line 

“reo+nit” and the 0-200 m integration of the values indicated by the black thick line in Fig. 5). Thus, the contribution of these 

two processes is almost negligible, and the total consumption of oxygen is ascribed to the sum of the three respiration processes 

by the plankton compartments. 330 

At the surface, the excess oxygen net production (Fig. 5), combined with air-sea interactions (Eqs. 1 and 2) and 

mixing/stratification processes yields the seasonal cycle displayed in Fig. A1 (Appendix A). 
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Figure 5: Modelled climatological profiles in the epipelagic layer for the oxygen concentration (first column) and daily rate of oxygen 
concentration associated with biological processes in the western Mediterranean Sea (western Med, second column) and eastern 335 
Mediterranean Sea (eastern Med, third column) in the winter (JFM), spring (AMJ), summer (JAS) and fall (OND) seasons, 
corresponding to the four rows. Biological processes represented are gross primary production (red solid line) and cumulative 
consumption (alternating solid and dotted lines, in greyscale): reoxidation of reduction equivalents (reo), nitrification (nit) and 
zooplankton (zoo), bacterioplankton (bac) and phytoplankton (phyto) respiration. Shaded bands represent the spatial variability 
computed as the standard deviation of the climatological profiles in the western Med and eastern Med. The northern Adriatic Sea 340 
was excluded from the computation since its depth is mostly lower than 200 m. 
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3.2.2 Subsurface oxygen maximum (SOM) 

Besides the well-known case of surface oxygen dynamics (Appendix A), also the SOM feature reflects the interplay of 

biological and physical processes because, as shown below, it is an emerging property driven by multiple factors. A first 

characterisation of the SOM in the summer season was outlined in the validation phase for Mediterranean areas hosting BGC-345 

Argo floats in specific spatial and temporal subsets (Section 3.1.1). Considering the whole basin throughout the simulation 

period, in Fig. 6, we mapped the mean concentration and mean depth of the SOM at each horizontal point, by averaging (in 

the 1999-2019 period) the annual maximum vertical values of the mean oxygen concentration and their associated depths in 

the July-August-September (JAS) months (Fig. 6a-b). Moreover, we evaluated both interannual variability and possible trends 

(by Theil-Sen method; Theil, 1950, and Sen, 1968) of SOM concentration and depth in the same period (Fig. 6c-d and Fig. 6e-350 

f, respectively). 

The summer SOM shows concentrations between 230 and 250 mmolO2 m-3, with generally higher values in the western Med. 

However, we also recognise a south-north gradient in the eastern Med and a spatial variability pattern close to 3% at the 

mesoscale (Fig. 6a). Interannual seasonal variability (Fig. 6c) accounts for a percentage lower than 2% and trends are 

significant (according to Mann-Kendall test, p=0.05) only in the 8% of the open-sea basin, with positive and negative values 355 

covering a similar portion (Fig. 6e) and mean values approximately equal to 0.19 and -0.18 mmolO2 m-3 y-1. 

On average, the SOM is located close to a depth of 40 m in the western Med and 50 m in the eastern Med (Fig. 6b). However, 

it appears shallower in the most productive areas (e.g., northwestern Alboran Sea, Gulf of Lion/Ligurian Sea, and offshore 

southern Sicily) and in some cyclonic gyres (e.g., southern Adriatic gyre, Rhodes gyre, western Cretan gyre, and northern 

Tyrrhenian gyre) and deeper at the Balearic front, in the southern Ionian Sea, near the Levantine coasts and in the southern 360 

Aegean Sea.  
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Figure 6: Mean concentration (a) and depth (b) for the modelled SOM in summer, computed by averaging the annual maximum 
vertical values of the mean oxygen concentration in the JAS months and their associated depths, respectively, in the period of 1999-365 
2019; standard deviation of the annual maximum values (c) and their depths (d), in the same period; trends evaluated in 
concentration (e) and depth (f) by the Theil-Sen method and provided only if significant as obtained from Mann-Kendall test 
(p=0.05), in the same period. Areas A-E delimited by black squares are hereafter defined as follows: A = Gulf of Lion, B = Balearic 
front, C = central Ionian, D = western Cretan gyre, E = eastern Levantine (area). Coastal areas (i.e., with depths shallower than 200 
m) are masked. 370 

The interannual variability associated with the summer SOM depth (Fig. 6d) appears much smaller than the spatial variability 

(Fig. 6b), especially in the western and central Mediterranean, where the interannual standard deviation is lower than 10 m. In 

some areas of the southern Aegean Sea and Levantine Sea, the standard deviation of the SOM depth can reach 20 m, whereas 

in other areas of the northern Aegean Sea, the SOM is not clearly recognised. In addition, just patchy areas covering 13% of 

the open-sea basin display significant values of trend in the SOM depth (Fig. 6f);  they are mostly positive (12% coverage), 375 

with mean value approximately equal to 0.49 m y-1, whereas very sparse (1% coverage) negative values correspond to a mean 

value of -0.71 m y-1.  

To highlight the relative importance of the several drivers that are responsible for the SOM variability on the 

mesoscale/submesoscale, we selected some areas (indicated by the black squares in Fig. 6b) that are approximately 50 km x 

50 km wide and representative of different phenomenologies, and then we analysed the seasonal cycle of oxygen during one 380 

year of simulation (i.e., 2014). Areas A and B are both included in the Liguro-Provencal Gyre (Menna et al., 2022), but A area 



18 
 

is more influenced by the Northern Current, while B area is affected by the Balearic front (Ruiz et al., 2009). Area C is chosen 

in the central part of the Mediterranean south to the Mid Ionian Jet (Menna et al., 2022), area D is within a smaller cyclonic 

gyre (i.e., western Cretan Gyre, Pinardi et al., 2015) in the oligotrophic Eastern Mediterranean basin and, finally, area E is 

located in a subduction area within the continental slope of the Eastern Levantine Sea. Year 2014 has been chosen because 385 

summer SOM depths and concentrations in the selected areas are intermediate when compared to the variability shown in the 

1999-2019 period (Fig. S2 in the Supplementary Material).    

3.2.3 Biological and physical dynamics responsible for the SOM 

Figure 7 shows the Hovmöller diagrams of the oxygen concentration and its biological and physical derivatives for the areas 

selected in Fig. 6. Derivative terms are recomputed in retrospect on a monthly basis, starting from the weekly reanalysis output 390 

in a specific year, i.e., 2014. In particular, the central column of Fig. 7 displays the biological component of Eq. 1, computed 

by following Eq. 3, and the right column displays the sum of the other terms in Eq. 1, computed as the difference between the 

total derivative and the biological derivative. To clarify the terms in the physical part, in the third column, we used the following 

symbology: black hatched regions represent vertical diffusive fluxes (i.e., Kz dO2/dz; Haskell II et al., 2016), with absolute 

values higher than the 90th percentile of the distribution computed in the five areas; arrows represent vertical velocities, with 395 

the orientation indicating upwards/downwards velocity, thickness linked to intensity, height indicating the involved levels, and 

position indicating the month (when in-between two months); and yellow dashed rectangles indicate locally high spatial 

standard deviations (i.e., values higher than 0.15 mmolO2 m-3 d-1) in the derivative computation within the considered area. 

The mixed layer depth (MLD) and maximum oxygen in summer are also included in the left column of the same figure. 

Oxygen concentrations in the epipelagic layer (Fig. 7, left column) follow the general decreasing west-east gradient, with 400 

higher values in the Gulf of Lion (A) and Balearic front (B) and lower values in the Levantine areas (D-E). 

The highest values of biological oxygen production in the first 25 m are found in February and March (Fig. 7, central column).  

Moreover, oxygen consumption under 150 m is observed in all areas (same Figure and column). However, the maximum depth 

at which oxygen production still overcomes consumption (right above the compensation depth) shows high variability, both 

during the year and in the considered areas. In particular, summer oxygen production in the subsurface layers is present only 405 

in the Gulf of Lion (A), Balearic front (B) and western Cretan gyre (D) areas; the Gulf of Lion is the only case in which the 

values of the subsurface oxygen derivative in summer are comparable with late winter-early spring surface values (values 

higher than 0.2 mmolO2 m-3 d-1 in Fig. 7). The absence of summer oxygen production in the C and E areas appears to support 

a shallower compensation depth in the eastern Med with respect to the western Med, as observed in Fig. 5, whereas the general 

west-east deepening of the compensation depth appears to hold in the other seasons. However, additional analyses should be 410 

conducted on other Mediterranean areas and for additional years of simulation to fully explain the variability associated with 

the compensation depth in the basin. If we consider the total biological derivative in the epipelagic layer (i.e., the sum of 

biological derivatives within 0-200 m), oxygen production is dominant in February-May and consumption in June-December 

in all areas (not shown). 
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 415 

 
Figure 7: Hovmöller plot of monthly variables computed in areas A-E (Fig. 6) in 2014: oxygen concentration, with the depth of the 
maximum in summer months indicated by black rectangles and the mixed layer depth by white circles (left column), with the 
biological derivative in mmolO2 m-3 d-1 (central column) and the physical derivative in mmolO2 m-3 d-1 (right column). In the right 
column, the oxygen transport components are highlighted by symbols when relevant: vertical velocities (upwards/downwards 420 
arrows), eddy diffusivity fluxes (black hatched regions, with pattern lines from top left to bottom right indicating downwards and 
from bottom left to top right indicating upwards) and contributions from lateral transport (yellow dashed rectangles). Details on 
the thresholds used to quantify the symbols are given in the text. 
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Physical derivatives (Fig. 7, right column) are generally higher than biological derivatives, except for the northwestern 

Mediterranean areas, which are the most productive. The surface values of the physical derivatives show the highest positive 425 

values in October-December and negative values in summer. Vertical diffusive fluxes are generally downwards in January-

March and upwards in May-October. Oxygen transport associated with vertical velocities (arrows in Fig. 7, right column) is 

typically downwards in January-February and site-dependent in the other seasons. 

By highlighting the highest values among the derivatives in the surroundings of the SOM, the spatial variability of the SOM 

reflects the relative and local (mesoscale) interplay and importance of physical and biological processes. Indeed, the depth of 430 

the SOM in summer is associated with subsurface biological production in the Gulf of Lion (A) and Balearic front (B). On the 

other hand, in the case of the Cretan gyre (D), the upwards summer velocities seem to be responsible for the rising of low 

oxygen waters, which decrease the oxygen within approximately 50-125 m, in contrast to the biological production found in 

those layers, and increase the concentration below 125 m. In the central Ionian area (C), the SOM in summer (at a depth equal 

to approximately 50 m) can be associated with the residual oxygen following the production at the 50-80 m depths in May, the 435 

effect of the downwards velocities in June and the biological consumption concentrated under 60 m in the following months. 

Finally, the downwards vertical velocities in May-June explain the oxygen deepening in July in the continental slope area of 

the eastern Levantine (E), which exhibits a deep SOM (close to a depth of 100 m), with increasing physical derivative values 

down to 200 m, i.e., well below the layer (i.e., 50-100 m) affected by production in April-May. In this case, an isopycnal 

downwards displacement driven by the temperature from late spring to half summer occurs (top of Fig. S3 in the 440 

Supplementary Material), similar to the findings by Chen and McKinley (2019). Then, in July and August, low salinity waters 

appear at depths of 40-90 m (bottom of Fig. S3 in the Supplementary Material), are associated with low oxygen contents (from 

the oxygen plot in area E, Fig. 7, left column) and ascribed to lateral fluxes (as inferred from high spatial standard deviations 

in the physical derivative within the area in the right column of the same figure). Biological production sustains higher oxygen 

values only at 50 m in September (central column of the same figure) and downwards and upwards velocities in mixed waters 445 

in the 40-200 m interval from August to October, after which we observe a clear vertical mixing due to cooling (top of Fig. S3 

in the Supplementary Material). 

4 Discussion 

By means of state-of-the-art physical-biogeochemical reanalysis, we investigated the impact of biological processes, 

circulation structures and vertical motions on the intensity and depth of the subsurface oxygen maximum (SOM), which is a 450 

feature mapped for the first time in the Mediterranean Sea over a period covering the last 20 years. While the Mediterranean 

Sea reanalysis has been extensively validated in Escudier et al. (2021), for the physical part, and in Cossarini et al. (2021), for 

the marine biogeochemistry, we reported dedicated evaluations of basin-wide gradients of the oxygen profiles in the epipelagic 

layer, plus an additional validation of the SOM features (i.e., concentration and depth) and of biological processes of oxygen 

production/consumption. 455 
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The results confirm the good performances of the model in reproducing the oxygen dynamics in the epipelagic layer by 

comparing model outputs with BGC-Argo float data in the estimation of the SOM concentration and depth (Table 1). Model 

uncertainty in reproducing the summer SOM concentration is 13 mmolO2 m-3 on average, i.e., 5% of the mean concentration 

of the observations across the basin, with the model typically underestimating the concentration with respect to observations 

(Table 1). The estimation of the SOM depth is instead characterised by a mean error of 13 m, which is comparable to the error 460 

associated with DCM recognition (17 m on average, Cossarini et al., 2021) and close to 30% of the mean SOM depth according 

to observations (Table 1). 

In the upper 80 m depth, the validation procedure for gross primary production (GPP), community respiration (CR) and net 

community production (NCP), which has been performed here for the first time, also provided some encouraging results 

(Tables 2-3). While vertical integrated annual NPP (Lazzari et al., 2012; Cossarini et al., 2021) and vertical gradients and 465 

seasonal cycles of GPP and CR are well reproduced (Table 2), modelled values of GPP and CR can be 2-4 times lower than 

in situ estimations (Tables 2 and 3). We expected some discrepancies with in situ measurements since the direct comparison 

of in situ estimations of fluxes and modelled fluxes might not be straightforward, and some critical issues should be considered 

(Hipsey et al., 2020). 

First, there are different (operative) definitions of community production and respiration according to the in situ estimations 470 

and the model. As highlighted by Ducklow and Doney (2013), studies adopting different measurement techniques may provide 

evaluations of both net autotrophy and heterotrophy for oligotrophic oceans and the dark-light method used in the observations 

considered in this work has proved to lead to GPP estimates that are on average 2-7 times higher than those yielded from 

methods based on 14C or active fluorescence on the global scale (Regaudie et al., 2014). Moreover, while in situ CR estimations 

are derived by 24-hour dark incubation, BFM model computes oxygen consumption as the timeless sum of the respiration and 475 

chemical processes during a daily day/night cycle. Additionally, model processes are formulated by using parameters whose 

values cannot be always calibrated on the basis of observations or that can lack in standardisation procedures. For example, in 

the BFM, the model production and loss terms are computed in carbon and converted into oxygen using the ratio O2:C=1, 

which is strictly valid for carbohydrates (Fraga et al., 1998). Other studies (e.g., Coppola et al., 2018; Sisma-Ventura et al., 

2021) adopt the classic value of 1.3 (Redfield et al., 1963) or later modifications (e.g., 1.34 as in Körtzinger et al., 2001; Kralj 480 

et al., 2019). Thus, by adopting a higher O2:C value, the oxygen production and consumption terms would increase by 30% 

without changing the other biogeochemical dynamics (e.g., net integrated primary production). 

Second, there is a representativeness error (e.g., Schutgens et al., 2017) associated with the spatial and temporal sampling, 

since local and time-specific incubation estimations from in situ sampling are compared with the model output where processes 

are filtered and averaged by the spatial resolution and temporal parameterization. 485 

Thus, when a spatial or temporal mismatch of production and consumption occurs, the importance of the biological processes 

might have been underestimated in the present work. In this sense, the model underestimation of deep respiration (i.e., 90-130 

m) may be one of the causes of the overestimation of oxygen below 100 m that has already been discussed (Cossarini et al., 

2021). 
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By investigating the mean oxygen variability estimated from the 1999-2019 Mediterranean reanalysis, we found that in the 490 

epipelagic layer of the basin 97% of the total oxygen consumption is due to plankton respiration, i.e., the contribution of 

nitrification and reoxidation processes in CR is negligible (Fig. 5). The higher biological activity of the western Mediterranean 

Sea, which was recorded by GPP and CR values that were higher than the eastern Mediterranean, was expected based on 

numerous studies of Mediterranean productivity and the trophic state (e.g., D’Ortenzio and Ribera d’Alcalà, 2009; Lavigne et 

al., 2015; Lazzari et al., 2012; von Schuckmann et al., 2020; Siokou-Frangou et al., 2010; Teruzzi et al., 2021). As assumed 495 

for the global ocean by Najjar and Keeling (1997), our results show the consistency between the general deepening of the 

compensation depth (Fig. 5) and the deepening of the euphotic layer in the eastern Mediterranean (displayed in Fig. S1 in the 

Supplementary Material and reported in Lamy et al. (2011) and von Schuckmann et al. (2020)). 

The seasonal cycle of oxygen saturation in the western and eastern subbasins depends mainly on the cycle of the surface 

temperature and its well-known increasing west-east gradient in the basin (Escudier et al., 2021). Despite the net biological 500 

production at the surface in winter and fall (Fig. 5), we observe a winter decrease in the oxygen concentration with respect to 

the saturation (Fig. A1) due to physical processes, which both increase solubility by cooling and dilute surface oxygen by 

downwards mixing (e.g., Coppola et al., 2018). In particular, the oxygen temporal evolution in the deep convection areas, 

which exhibit the highest deviations with respect to the saturation values (i.e., down to 84% saturation in the nwm subbasin in 

2005, shown in the top box in Fig. A1), is in line with findings by Ulses et al. (2021). Spring and summer biological production 505 

at the surface (Fig. 5), despite the lower values with respect to those in winter, are instead responsible for the supersaturated 

values (Fig. A1), along with the limited downwards mixing associated with stratification (Copin-Montégut and Bégovic, 2002). 

Given the good reanalysis results, we focused our study on the subsurface oxygen maximum, which is a common feature in 

oligotrophic stratified seas in summer (Smyth et al., 2019; Yasunaka et al., 2021). In the Mediterranean Sea, the summer SOM 

is a feature that is clearly recognisable in the whole basin (Fig. 6), except in some areas of the northern Aegean Sea. Our 510 

analyses (Figs. 6a-b) show that the SOM has a large spatial heterogeneity across the Mediterranean, with the presence of 

mesoscale structures that allow it to reconcile the sparse and local published observations into a basin-scale view. In particular, 

our results confirm the shallow depth of the SOM in the western Mediterranean Sea (20-40 m at the DYFAMED site, Copin-

Montégut and Bégovic, 2002) and in the southern Adriatic Sea (30 m, Manca et al., 2004) and a deeper SOM in the eastern 

Mediterranean Sea (80 m in the southern Levantine Sea, Kress and Herut, 2001; 50-100 m in the Cilician Basin, Fach et al., 515 

2021), as well as its high heterogeneity, such as in the Balearic Sea, due to the high mesoscale dynamics (40-80 m around the 

Balearic Islands, Balbín et al., 2014). Fig. 6a shows a spatial variability in the SOM concentration between 235 and 255 

mmolO2 m-3, confirming previous estimations of lower values in the Levantine Sea (Fach et al., 2021; Kress and Herut, 2001) 

and higher values in the southern Adriatic Sea (Manca et al., 2004) and northwestern Mediterranean Sea (at the DYFAMED 

site and close to the Balearic Islands, Balbín et al., 2014; Copin-Montégut and Bégovic, 2002). 520 

Since the SOM concentration and depth display a significant spatial variability on the mesoscale (Figs. 7a-b), we assessed that 

the reanalysis is able to reproduce the effect of processes down to this scale. Moreover, since the interannual variability of 

summer SOM concentrations and depths (Fig. 6c-d) appears lower than the spatial variability and only sparse and patchy areas 
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display significant trends (Fig. 6e-f), we proposed to analyse one single year rather than a temporal average, which would have 

masked the spatial variability of the processes. We selected 2014 since it was characterized by a lack of strong forcing signals 525 

(e.g., deep convection, Margirier et al., 2020), and it can be considered exemplary of the mean regimes of the Mediterranean 

SOM (Fig. 7 and Fig. S2 in the Supplementary Material). The multiyear analysis showed that the interannual variability in the 

depth and concentration is quite low (Fig. 6c-d), demonstrating that the SOM is a stationary feature of the oligotrophic 

Mediterranean Sea. On the other hand, the high spatial heterogeneity of the SOM (Fig. 6a-b) appeared to be linked to the 

Mediterranean mesoscale variability (e.g., Bonaduce et al., 2021). Thus, the oxygen budget has been reconstructed in retrospect 530 

by using the reanalysis output inside 5 areas (Fig. 6) selected  as representatives of different circulation structures and biological 

regimes (Fig. 7). Since data assimilation procedure does not directly affect the oxygen dynamics, our computation of the budget 

includes all terms and is consistent. Moreover, the budget of dissolved oxygen has been computed at the monthly frequency, 

where the average operation further filtered high frequency signals due to the internal dynamical adjustment of the model after 

data assimilation (Cossarini et al., 2019). Although the retrospective computation of the budget entails uncertainties, the 535 

physics-related processes were clearly dominant in the oxygen dynamics with respect to biological processes (Fig. 7), except 

for the most biologically active areas (northwestern Mediterranean areas, A and B in Fig. 6). In particular, our results identified 

some typical specific features: 

1) in the most productive areas (i.e., in the northwestern Mediterranean Sea), the summer SOM is stable and develops at the 

depth of biological production, which has also been observed by Ulses et al. (2021), in the Gulf of Lion (case A) and Balbín 540 

et al. (2014), in the Balearic front (case B); 

2) in oligotrophic highly stratified areas (central Ionian Sea, case C), the SOM can be a residual of the subsurface production 

in spring and is not sustained by an active biological production in summer; 

3) in cyclonic gyres (Cretan gyre, case D), the SOM depth is located in the upper part of the biologically productive subsurface 

layer, since vertical velocities erode its lower limit of extension by mixing with less oxygenated water coming from deeper 545 

layers; 

4) in areas of subduction (eastern Levantine, case E), the SOM is deep and not connected to local summer production but to 

downwards transport, as in Chen and McKinley (2019). 

The SOM is thus a variable that strongly highlights the interactions of oxygen production and respiration with 

mixing/stratification successions, horizontal/vertical motions and circulation structures. 550 

When the SOM is analysed together with other indicators (such as the deep chlorophyll maximum), synthetic interpretative 

schemes of ecosystem functioning can be derived (Smyth et al., 2019). The DCM is a well-studied phenomenology in the 

Mediterranean Sea, and its variability has been investigated in association with the availability of light and nutrients and 

phytoplankton photoacclimation/adaptation (Barbieux et al., 2019): Ionian and Levantine Sea behaviour is similar to a tropical 

system, with a deep and permanent DCM associated with photoacclimated/photoadapted communities, whereas the Gulf of 555 

Lion is a typical temperate-like system, with a shallower DCM in summer established after the surface spring bloom, which is 

in turn favoured by nutrient replenishment via winter mixing (Lazzari et al., 2012; Mayot et al., 2017). 
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The analysis of the discrepancies between the vertical depths of SOM and DCM (Fig. 8 and Fig. S4 in the Supplementary 

Material) detects lower vertical displacements in the western Mediterranean (down to 10 m in the Alboran Sea and 

northwestern Mediterranean Sea) and higher displacements in the Ionian Sea and Levantine Sea (70 m in large portions of the 560 

two subbasins). An increasing difference between DCM and SOM depths across an eastward transect in the Mediterranean 

Sea has been observed also by Pujo-Pay et al. (2011). Moreover, analogous to Smyth et al. (2019), the two Mediterranean 

regimes can be assimilated to seasonally stratified midlatitude areas of the Atlantic Ocean and permanently stratified 

tropical/subtropical areas, where there is a higher productivity above the DCM, despite the lower concentrations of chlorophyll, 

due to the higher light availability. 565 

Moreover, some specific circulation structures appear to strongly differentiate the subsurface dynamics of chlorophyll and 

oxygen. In particular, the northwestern Mediterranean areas (cases A and B, Fig. 7) are very productive and in summer the 

vertical level of their biological oxygen production sustaining SOM is on average 25 m shallower than the DCM (Fig. S4). 

Our study reveals the existence of additional regimes, despite the small size of the basin: the DCM in the central Ionian Sea 

and eastern Levantine Sea (areas C and E in Fig. 7) is not associated with an actual increase in carbon biomass (as in Barbieux 570 

et al., 2019), and the SOM is a residual of the confinement of spring production. While in the open sea the vertical displacement 

between the SOM and DCM is high (70 m), in the subduction areas within the continental slope of the Levantine Sea (case E, 

Fig. 7 and Fig. S4 in the Supplementary Material) it is lower (about 50 m) due to the vertical transport that influences both 

chlorophyll and oxygen concentrations. 

Our results highlight that the analysis of the SOM and its combination with the DCM can provide concise and robust 575 

information about physical and biological processes governing the marine ecosystem. In particular, SOM establishment and 

development also account for mechanisms that do not directly influence phytoplankton dynamics, i.e., air-sea interactions and 

solubility processes in seawater. This allows, in principle, to check on changes in the ventilation in the deeper layers and 

solubility due to global warming; thus, such an indicator would also provide monitoring of the marine ecosystem status from 

this perspective. 580 

Finally, a model study such as the present one has the added value of estimating biological production via a time derivative 

(Eq. 3), which lacks possible spurious terms that can instead affect different estimations, e.g., through POC (Barbieux et al., 

2019), and allows us to properly disentangle the physical and biological dynamics of the oxygen concentration. 
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Figure 8: Difference between DCM and SOM depths according to the Mediterranean reanalysis in 1999-2019. The DCM was 585 
computed by averaging the annual vertical maxima of the mean chlorophyll concentration in the JAS months in 1999-2019. Coastal 
areas (i.e., with depths shallower than 200 m) are masked. 

5 Conclusions 

In this work, we propose the subsurface oxygen maximum (SOM) observed in marine ecosystems as a key variable for 

describing the interconnections between physics and biology in the marine environment. 590 

The SOM, which has been observed in large areas of the ocean, can be investigated by assessing its drivers in its causes and 

development and computed in a seamless way up to the basin scale by means of biogeochemical models. Suitable and robust 

validation procedures for such numerical models can be conducted by using the abundant available datasets of oxygen 

observations, which have been further enlarged in recent years by the increasing deployment of BGC-Argo floats. In this work, 

we used the current CMEMS biogeochemical reanalysis for the Mediterranean Sea (Cossarini et al., 2021) at a 1/24° horizontal 595 

resolution, and we identified the SOM as the maximum of the mean summer profile of the oxygen concentration in the 1999-

2019 simulation. 

Down to the mesoscale, we highlighted the Mediterranean heterogeneity by recognising different cases for the SOM in the 

summer season: 

- relatively high oxygen concentration values (250 mmolO2 m-3) at depths of 30-60 m, which are actively sustained by 600 

summer production in the most biologically productive areas (i.e., northwestern Mediterranean areas); 

- intermediate oxygen values (240 mmolO2 m-3) at a depth of 40 m, i.e., in the upper part of a vertical layer hosting 

summer production and eroded at the bottom by upwards low-oxygen waters, in a Levantine cyclonic gyre (i.e., 

Cretan gyre); 
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- intermediate oxygen values at a depth of 50 m, as a residual of the subsurface oxygen produced in spring in the central 605 

Ionian Sea; 

- low oxygen values (230 mmolO2 m-3) at a depth of 100 m due to downwards transport in a subduction area (i.e., 

eastern Levantine Sea). 

 

In the ecological modelling community, the DCM is a metric that is already in use for displaying the interplay of physical and 610 

biological processes in the ocean. However, we showed that SOM and DCM phenomenology across the Mediterranean Sea 

are different, especially in the eastern subbasin, and we interpreted their differences in association with the different physical 

and biological processes occurring in the considered areas. We suggest that adopting the SOM as a further emerging property 

at the basin scale would allow it to account more directly for processes involving the atmosphere (i.e., air-sea interactions) and 

the change in sea surface temperature and salinity (i.e., solubility) and to monitor ecosystem functioning and health, also in 615 

connection with climate change indicators. 

Appendix A 

Figure A1 shows the seasonal cycle of the model-derived surface oxygen concentration, that accounts for both biological 

processes (Fig. 5) and physical ones, i.e., air-sea interactions (Eqs. 1 and 2) and mixing/stratification processes.  

The surface oxygen generally follows the cycle of oxygen saturation, with higher values in the western subbasins (the seasonal 620 

range is approximately equal to 210-255 mmolO2 m-3) compared to the eastern subbasins (200-245 mmolO2 m-3) due to the 

increasing west-east temperature gradient across the Mediterranean Sea (Escudier et al., 2021). Undersaturated values in winter 

and fall indicate that the oxygen production identified by the positive NCP values in Fig. 5 (equal to approximately 0.76 and 

0.25 mmolO2 m-3 d-1 at surface in the western and eastern Med in winter) is actually less relevant with respect to the effect of 

cooling (which increases the oxygen solubility) and mixing with deeper waters and/or convection events, which are well-625 

known drivers for the undersaturated surface waters in these seasons (e.g., Copin-Montégut and Bégovic, 2002; Coppola et 

al., 2018). In particular, the winter deviation from the oxygen saturation and the interannual variability in the nwm subbasin 

are much higher than those exhibited by the other subbasins (Fig. A1), given the impact of some deep convection events that 

occurred in the area in some years (e.g., 2005, 2013; Smith et al., 2008; Waldman et al., 2016). In particular, the decrease in 

surface oxygen can reach 16% with respect to the mean climatological value (box on top of Fig. A1). On the other hand, in 630 

both the western and eastern subbasins, we observe supersaturated waters at the surface in the spring-early summer (Fig. A1), 

despite NCP estimations being lower than the corresponding winter values (Fig. 5). 
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Figure A1: Modelled oxygen concentration (solid lines) and oxygen saturation (dashed lines) at the surface in selected open-sea 
aggregated subbasins in the western (top) and eastern (bottom) Mediterranean Sea, computed over the climatological year (i.e., by 635 
temporally averaging values over the 1999-2019 period). Shaded bands represent the temporal variability of surface oxygen 
computed as the standard deviation of annual means. The box at the of the top figure represents the modelled oxygen and its 
saturation at the surface in the nwm subbasin in 2005, with shaded bands representing the spatial variability of surface oxygen 
within the subbasin. 

Data availability 640 

Publicly available datasets were analysed in this study. Modelling data can be found at. the Copernicus Marine Service: 
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