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This research seeks to categorize and ascertain the primary marine climatic indicators within the complex Adriatic Sea area. Employing subregional climate downscaling models with resolution on the scale of a few kilometers, incorporating atmospheric, oceanic, and hydrological coupled models, the study scrutinizes historical baseline simulations (from 1992 to 2011) and future projections (from 2031 to 2050) under the RCP8.5 scenario. The chosen climate indicators are related to Sea Surface Temperature (SST), Marine Heat Waves (MHWs), Brunt–Väisälä frequency, Sea Level Rise (SLR), and Ocean Heat Content (OHC). The main results show the positive trend in SST and its correlation to circulation structures. It is noticeable that the historical period reveals a greater trend compared to the projection period, being 0.04°C/year and 0.022°C/year, respectively. The OHC shows the expected positive trend with a maximum increase in the southern Adriatic Gyre. The stability of the water column, as identified by the Brunt–Väisälä frequency values, is decreased in the shallow northern Adriatic due to the river discharge decrease while it is increased in the mid-depth water column of the central and southern regions. The number and amplitude of MHW increases especially if referenced to the historical period and finally the rate of total sea level rise shows a consistent decrease in the projection period due to compensating effects between warming and salting and the changing water budget.
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1 Introduction

Climate change [Intergovernmental Panel on Climate Change (IPCC), 2019] is having a significant impact on ocean ecosystem health at both global and local scales. As society recognizes the importance of integrating adaptation into our response to climate change, there is a growing need to make available science based information for policy decisions. This underscores the importance of creating climate indicators with multiple functions, from detecting critical changes to monitoring the effectiveness of adaptation strategies.

While the global-scale impact of climate change is increasingly understood and documented, the effects on marine and coastal ecosystems at regional and local scales is still not well described. In 2017, the European Environmental Agency (EEA) (2017) distinguished between “global climate change” and “regional climate change” to differentiate between indicators used to monitor changes in the global climate system and those utilized to assess and manage climate risks at the regional level.

Von Schuckmann and Le Traon (2011), utilizing data from ARGO profiling floats, illustrate the challenges associated with computing climate indicators from in situ data, primarily due to the lack of ideal spatial and temporal coverage to capture long-term climate signals effectively. They demonstrate the high interannual variability of certain global indicators, such as global salinity content, highlighting the necessity to multi-decadal long time series to extract significant trends. Additionally, to reduce error in trend estimation, these data are aggregated into grids at low resolution, thereby compromising the computation of these indicators at regional scales.

Numerical models and improved nested downscaling techniques offer the potential to gain better insights into the impacts of climate change at regional and local scales (Fox-Kemper et al., 2019). Numerical climate downscaling has been predominantly focused on the atmosphere with little attention to the marine environment. Nagy et al. (2021) present a downscaled ocean climate model focused on the shelf waters off southwest Ireland, demonstrating that fine-scale resolution and improved representation of river discharge are important factors to reproduce the present and past structure of the marine environment, building trust in the capability of the model to compute realistic projections. Storto et al. (2023) emphasize the necessity to use downscaled numerical models to replicate extreme events in the Mediterranean Sea region. Additionally, Verri et al. (2018) illustrated the positive impact of incorporating realistic river discharge in numerical models, producing a realistic representation of upper-ocean salinity in the Adriatic Sea region, confirming the pivotal role of rivers in Adriatic overturning circulation and dynamics.

In this context, climate downscaling in the Adriatic Sea aims to bridge the gap between large-scale climate models and local climate impacts, focusing on the region’s complex ocean dynamics. The Adriatic, located in the northern Eastern Mediterranean, has highly variable bathymetry, with shallow northern waters deepening towards the central and southern regions. It also accounts for nearly 30% of the Mediterranean’s total runoff, leading to a partially positive water budget (Artegiani et al., 1997; Verri et al., 2018). Additionally, the Adriatic is a key area for dense water formation, contributing to the Mediterranean’s deep waters. Its unique thermohaline circulation and diverse climates make it a climate hazard hotspot under global warming.

This paper focuses on providing and analyzing regional marine climate indicators for the Adriatic Sea Basin, based on Verri et al. (2024) climate downscaling results. Among the various Marine Climate Indicators, Sea Surface Temperature (SST), Ocean Heat Content (OHC), Marine Heat Waves (MHWs), Brunt–Väisälä frequency, and Sea Level Rise (SLR) will be the focus of the study.

SST is a crucial essential ocean variable that is related to ocean heat exchanges with the atmosphere and monitors ocean warming trends (Gittings et al., 2018). OHC represents the total amount of heat stored by the oceans, and, like SST, is connected to sea level and ecosystem alteration. MHWs are extreme anomalies in SST that last days to weeks, and changes in their characteristics or frequency can have a profound impact on the marine ecosystems (Hobday et al., 2016; Oliver et al., 2021). The Brunt–Väisälä frequency is the main indicator of vertical stability and indirectly of mixing of the water column and it has been chosen as a good environmental status indicator (Fratianni et al., 2016). SLR can affect human activities in low-laying coastal areas, increase the salt intrusion in estuaries and nearby underground aquifers. Higher sea levels also make coastal infrastructures more vulnerable to storms damage (Almaliki et al., 2023; Eliawa et al., 2023). For the first time we will evaluate these climate marine indicators for the present time period (1992–2011) and the future RCP8.5 downscaled scenario to the Adriatic Sea for the period 2031–2050.

The study area and the downscaling methodology and validation are described in Section 2. The marine climate indicators are analysed in Section 3. Concluding remarks and insights are offered in Section 4.



2 Model data set

The model used in this study is described in detail in Verri et al. (2024) and here we will give only summary of the key modelling characteristics. The first component of the system is an atmospheric-land-hydrological model (CALH) which is then used to force an ocean model. The CALH uses WRF model (Skamarock et al., 2008) implemented in central Mediterranean area (Figure 1), with a horizontal resolution of 6 kilometers. This atmospheric model was coupled online with a land surface NOAH model (Niu et al., 2011), and with a hydrological model, WRF Hydro (Gochis et al., 2020), both sharing the same computational domain as the atmospheric model, with a horizontal resolution of 6 km, refined to 600 m along the river networks. The CALH is nested within a MedCordex projection output (Ruti et al., 2016), which also provide the initial conditions. The outputs of CALH were used to force the surface of the ocean general circulation model that uses the NEMO code (Madec and Team, 2017; Verri et al., 2024) and that covers the area of Figure 1. Although the absence of atmosphere–ocean coupling in the model results could be important for capturing feedback mechanisms between these systems, the use of an offline approach still allows for a reliable and detailed investigation of oceanic processes. It is important to note that the wind intensity fields, 2 m temperature, and precipitation produced by the WRF model of the CALH system were bias-corrected using the quantile mapping method (Boé et al., 2007; Villani et al., 2015), considering as reference two different reanalyses: UERRA (Ridal et al., 2017) and ERA5 (Hersbach et al., 2020). The near-surface bias correction can significantly impact the results by improving the accuracy of key atmospheric variables, which are crucial for ocean–atmosphere interactions. By assuming that the bias remains constant between the historical and projected periods, the correction enhances model reliability, though it is important to acknowledge that this approach simplifies the temporal dynamics of bias evolution, a factor that may influence long-term projections. The ocean model horizontal resolution is 2 kilometers and in the vertical there are 120 unevenly spaced levels. To solve the surface heat fluxes, the bulk formulae of Pettenuzzo et al. (2010) were used, and the bathymetry was interpolated from EMODnet Bathymetry Consortium (2018). The oceanic initial and boundary conditions were again obtained from the MedCordex output.
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FIGURE 1
 Left panel—WRF, NOAH, and WRF-Hydro models’ computational domains. The black lines indicate the boundaries of the NEMO oceanic model domain; Right panel: NEMO model domain and bathymetry. The red lines define the southern and northern analysis regions of the Adriatic.


Using this approach, a climate simulation has been carried out from 1992 to 2050 under the high-emission pathway RCP8.5. Two slices were considered here to provide the data necessary to calculate the marine climate indicators. The historical range, covering the period between 1992 and 2011, and the projection range (also referred to here as mid-term projection), covers the period from 2031 to 2050. Further information about the configuration of this simulation can be found in Verri et al. (2024).

In order to assess whether the model upon which we base our analyses produces results consistent with reality and enhances the understanding of the Adriatic Sea climate, we use the Copernicus reanalysis (Escudier et al., 2020) and the driving MedCordex RCM (Ruti et al., 2016) to compare with the historical simulation (1992 to 2011).

Average month of the year comparisons reveal good qualitative agreement between the experiments (Figure 2), with the most significant differences observed in surface salinity. Our historical simulation shows lower salinity than the benchmark for most of the year, except during the autumn months, while being more realistic than the driven RCM (Figure 2b). We argue that this discrepancy arises not only from the differing number of rivers considered in the climate model downscaling compared to the reanalysis, which incorporates only a few rivers in the Adriatic Sea (Escudier et al., 2020), but also from the long-term trends not captured by the reanalysis due to its use of climatological values. This is more evident during autumn, the period of highest discharge for the region’s main rivers. When comparing the total vertical mean temperature, our model consistently appears warmer than the benchmark, with maximum differences around 1°C in the autumn months (Figure 2c). This difference is reflected in the average density profile (Figure 2d), while the depth of the mixed layer (defined by a threshold density variation of 0.03 kg/m3) is quite well reproduced, with maximum differences of less than 5 m in winter months, with this once again presenting a much more realistic representation compared to the driven RCM (Figure 2e).

[image: Figure 2]

FIGURE 2
 Average month of the year: comparison between the historical simulation (blue line), CMEMS reanalysis (black line) and driving MedCordex RCM (green line) of SST (a), SSS (b), volume averaged temperature (c), density (d), and mixed layer depth (e).




3 Marine climate indicators


3.1 Sea surface temperature

The analysis of Sea Surface Temperature (SST) plays a fundamental role in understanding climate change and is one of the most important physical indicators for monitoring the impacts of global warming. Table 1 overviews the Adriatic Sea mean SST statistical indicators.



TABLE 1 Statistical indices derived from the historical and projected monthly mean time series.
[image: Table1]

The surface-averaged SST shows a difference of approximately 1°C between historical and projected periods (Table 1). However, this difference varies significantly both spatially and temporally. The warming trend in SST alters the surface seasonal cycle, leading to warmer summers and winters (Figures 3a,b). Despite this warming, a decrease of 0.2 ± 1.1°C is observed in the difference between the annual maximum and minimum temperatures. Although this decrease is not statistically significant, it contrasts with the findings of Liu et al. (2024), which reported an increase in amplitude on a global scale and of 0.16 ± 0.07°C for the Northern Hemisphere.

[image: Figure 3]

FIGURE 3
 Maps showing the difference in SST between the projection and historical periods for the winter (a) and summer (b); (c) temporal evolution of the monthly averages for the historical period (blue line) and projection period (orange line).


A spatial pattern difference is also evident between the two seasons, with more pronounced warming in the northern Adriatic during summer (Figure 3b), and in the southern and central Adriatic during winter (Figure 3a). In the latter period, this warming trend is more pronounced along the areas occupied by the Western Adriatic Coastal Current (WACC) and the Eastern South Adriatic Current (E-SAd Current), with temperatures potentially rising by up to 1.5°C in these regions (Figure 3a). The cyclonic gyres that form the general circulation of the Adriatic Sea (Pinardi et al., 2015) show the smallest SST increase, particularly during summer (Figure 3b).

SST exhibits strong interannual variability, as shown in the time series (Figure 3c), with a stronger signal in summer for both historical and projected periods. The standard deviation of summer annual means is 0.68°C for the historical period and 0.87°C for the projection, compared to 0.52°C and 0.64°C for winter annual means.

Table 1 shows that the historical period exhibits a larger warming trend compared to the projection period, with rates of 0.04°C/year (about 0.8°C over 20 years) and 0.022°C/year (about 0.45°C over 20 years), respectively. This suggests a potential reduction in the warming rate for the region. This reduction could be linked to a decrease in stratification observed in the projection period, as will be further discussed in the analysis of the Brunt-Väisälä frequency. Additionally, it’s important to highlight that the projection period analyzed here is from 2030 to 2050. Parras-Berrocal et al. (2023) showed that around 2040 an abrupt change in the Adriatic Sea stratification index is expected, mainly associated with deep water formation.



3.2 Ocean heat content

The analysis and monitoring of Ocean Heat Content (OHC) is essential for understanding impacts of climate change on the marine environment. The rise in OHC can result in coral bleaching, species migrations, and disturbances in marine food webs, posing significant implications for biodiversity and fisheries. Ocean heat content (OHC) in Joules is defined as follows:
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with z1 = 0 m to z2 = 700 m depth, a reference density ρ0 = 1,030 kg/m3, and a specific heat capacity of cp = 3,980 J/kg°C, where Tyr represents the annual mean temperature. The Anomaly Ocean heat content (aOHC) is defined as follows:

[image: image]

with Tclim the average yearly temperature over the analyzed period itself. In other words, we have a climatology for the historical period and another for the projection period.

It is noteworthy that the trend in the historical period closely matches the one from the reanalysis, with approximately 0.64 W/m2 for the historical period and 0.61 W/m2 for the reanalysis (Table 2; Figure 4A). These values are consistent with those presented by Storto et al. (2019) in the maps of ocean heat content in the Adriatic Sea region. Therefore, the OHC from downscaling is particularly representative of reality for the region in the historical period.



TABLE 2 Mean values and linear trend of the OHC in the first 700 m, derived from the reanalysis, historical and projected annual mean time series.
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FIGURE 4
 (a) Ocean heat content anomaly variation integrated up to 700 m (historical in blue line, CMEMS reanalysis in black line); (b) ocean heat content variation integrated up to 700 m (historical in blue line, projection in orange line); (c) ocean heat content anomaly variation integrated up to 100 m in the northern region (dashed line) and southern region (solid line).


By comparing with the projection period, an increase of approximately 400 MJ/m2 in OHC is noticeable, representing about 5% more than the historical period, which has an average of approximately 9.5 GJ/m2 (Table 2; Figure 4). The annual linear trends, approximately 0.64 W/m2 for the historical period and about 0.63 W/m2 for the projection period, provide further evidence of a potential warming slowdown in the basin.

As indicated by previous coarser resolution studies for the whole Mediterranean Sea (Storto et al., 2019), it is evident that this variation and warming trend is predominantly concentrated in the southern region of the Adriatic Sea (Figure 1), during both the historical and projection periods, accounting for nearly 70% of the overall variation (Figure 4c—here, the OHC was integrated up to 100 m to allow for an equitable comparison between the regions). This result highlights the southern region of the Adriatic Sea has having the major impacts from climate change in terms of the OHC indicator. This might result in an impact on the Southern Adriatic Sea meridional overturning circulation and in dense water mass formation rates (Verri et al., 2018).



3.3 Marine heatwaves

MHWs represent anomalous warm seawater events known for their disruptive effects on marine ecosystems (Oliver et al., 2021; Jacox et al., 2022). An MHW is defined as a discrete period of prolonged (more than 5 days) anomalous ocean temperatures surpassing a defined threshold in a specific ocean region. Climate change significantly influences the long-term trends of MHW characteristics, including frequency, intensity, and duration. Projections indicate that MHW frequency, intensity, and duration will persist under future emission scenarios, potentially leading to a permanent MHW state in much of the global ocean by the late twenty-first century (Oliver et al., 2021).

Due to substantial ocean warming, defining an appropriate baseline period becomes a crucial aspect of MHW analysis. Establishing a local, daily-based, upper-percentile (90th percentile) climatology of Sea Surface Temperature (SST) serves as the threshold for MHW detection (Hobday et al., 2016). The choice of the baseline period significantly affects the long-term trend in mean SST, thereby influencing the detection and characteristics of MHWs. Here, we not only present MHW characteristics using the baseline of the analyzed period (i.e., the climatological threshold for the historical period based on the historical period itself and for the projection period based on the projection period itself), but also, in the case of the projection period, characterize them in relation to the historical period baseline. The selection of the baseline is guided by specific research questions of interest (Oliver et al., 2021).

In the historical period, the MHW average duration for the entire Adriatic basin was 29 days, with approximately 1.2 events per year (Figures 5a,b). This aligns with findings by Dayan et al. (2023), who utilized 30 years (1987 to 2016) of the reanalysis. For the projection period, the average duration increases to 36 days, with an average of 1.7 events per year (Figures 5c,d). Spatially, we observe longer average MHW duration in the historical period (Figures 6a,b) than in the projection, particularly in the northern region. The difference in MHW events duration values when calculating the average over a region compared to pointwise calculations for the same region can be attributed to the spatial and temporal variability of SST. When averaging over a region, you aggregate temperatures from various locations within that region. This average might smooth out temporal and spatial variations, resulting in an average duration that may differ from pointwise calculations. This discrepancy underscores the importance of understanding spatial and temporal scales when analyzing events like MHWs, as local variations can significantly influence the results. However, higher average intensities are noted in the projection period for the southern and central regions of the Adriatic basin, whereas for the northern region and along the northeast coast, the MHW intensities are higher in the historical period (Figures 6c,d).
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FIGURE 5
 First column: the total duration of all MHW detected in each year of the time series averaged for the Adriatic basin region. Second column: the total number of MHW detected in each year of the time series averaged for the Adriatic basin region. The first row (a,b) corresponds to events from the historical period, the second row (c,d) represents events for the projection period, and the third row (e,f) indicates events calculated for the projection period but with the baseline climatology derived from the historical period.


[image: Figure 6]

FIGURE 6
 Maps of MHWs mean duration (a,b) and intensity (c,d) for the historical (first column) and projection periods (second column).


Using the historical period to construct the climatological threshold for detecting MHWs in the projection period reveals a substantial increase in the average event duration, exceeding 180 days, along with an almost 50% increase in the number of events, averaging 2.5 per year (Figures 5e,f). Obviously, the number of events per year does not increase as much, as we observe a significant increase in the duration of these events when compared to the MHW events calculated using the project period itself as the climatological threshold.



3.4 Vertical stability (Brunt-Väisälä frequency)

Changes in vertical stability can indicate alterations in ocean circulation, heat transport and vertical mixing, providing insights into regional climate impacts. The Brunt-Väisälä frequency (N) is related to the vertical stability of the water column. It is defined as:
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where g is the gravitational acceleration, ρ0 is the reference seawater density and ∂ρ/∂z is the vertical density gradient. N represents the oscillation frequency of a vertically displaced fluid parcel in a statically stable environment. N can be considered a measure of ocean stratification. High N values indicate a highly stable and stratified ocean, while values around 0 indicate a nearly neutral environment. N is inversely related to turbulent mixing and it has been used to estimate mixing for marine good environmental state indicators, as prescribed in the Marine Strategy Framework Directive (Fratianni et al., 2016).

The historical period shows a maximum N of 6.5 cycles/h at a depth of around 16 m, while the scenario shows a maximum N of 5.5 cycles/h at a depth of 23 m (Figure 7a). In general, compared with the historical simulation, a noticeable decrease in N is observed in the upper levels of the scenario up to a depth of around 70 m. Below this depth, N increases with a maximum difference of around 0.35 cycle/h extending between 100 and 900 m. Below 900 m depth, the differences between the historical and projected periods are almost negligible (Figure 7a). The signature of buoyancy input due to main rivers is clearly visible in the northern Adriatic historical period and in other areas along the eastern Adriatic (Figure 7c). The projection period shows the general decrease in the maximum value of N in the runoff influenced areas because of the general decrease of discharge (Figure 7d). This is even more evident when looking at the difference map (Figure 7b), where it is shown that in coastal areas the N difference between projection and historical may reach and exceed −10 cycles/h.

[image: Figure 7]

FIGURE 7
 (a) Mean profile of Brunt-Väisälä frequency (N) for the historical period (blue line) and the projection period (orange line). (b) Map of the difference in maximum mean N between the projection and historical periods. (c) Map of the maximum mean N for the historical period. (d) Map of the maximum mean N for the projection period.


This Brunt-Väisälä frequency behavior is suggested to be the result of two effects. The decrease in river discharge in the mid-term projection is expected to lead to an increase in salinity (hence density increase), especially in the upper levels, with the tendency to destabilize the water column. On the other hand, the expected temperature increase (lower density) tends to increase stratification. Eventually, a destabilization of the water column (lower N values) is prevailing in the upper levels, in the freshwater influenced areas, where density variations are driven by the salinity increase. In the middle to lower levels, temperature effects on density are dominant, leading to a more stratified water column between 100 to 900 m. This again might have importance in the dense and deep water mass formation processes in the Southern Adriatic Sea, a phenomenon to be studied in the future.



3.5 Sea level rise

One of the most evident impacts of climate change at the coast is the sea level rise. Sea level change exhibits a distinct regional pattern, with certain areas experiencing significant deviations from the global mean change (Wang et al., 2021). Therefore, monitoring and projecting the mean sea level in regional climate models are essential to comprehend the impacts on coastal segments, devise effective adaptation measures, and anticipate extreme events associated with climate change. Both temperature and salinity changes can play a substantial role in sea level changes, altering the ocean volume through thermal expansion or haline contraction.

As an example, using satellite altimetry data, the global Mean Sea Level (MSL) rise rate from 1993 to 2017 has been measured at 3.2 ± 0.4 mm/year (Fox-Kemper et al., 2023). Conversely, for the Mediterranean Sea region during the same period, the growth rate has been calculated to be 2.5 ± 0.4 mm/year (Mohamed et al., 2019) for the period between 1993 and 2019 and Meli et al. (2023) obtained 2.1 ± 0.5 mm/year subtracting the Glacial Isostatic Adjustment (GIA) contribution. Therefore, understanding whether the Adriatic Sea follows the Mediterranean trend or exhibits significant variations due to the internal dynamics of the region is crucial.

The haline contraction and thermal expansion of the Adriatic water column act in opposite ways on sea level changes. The MSL is defined as the sum of the mass change components, resolved by the numerical model under the incompressible assumption, thereafter called MSSH, and the steric components that accounts for thermosteric and halosteric contributions (Pinardi et al., 2014). We have computed the Total Sea Level (TSL) addying the mass and steric components for the historical and projected periods.

Our results indicate that the Adriatic Sea Mean TSL (MTSL) increases in the mid-term (projection period) throughout the entire Adriatic Basin, changing an average value of approximately 0.10 m. It can be asserted that this increase is primarily due to the steric components, as area average SSH decreases over time (shown in Verri et al., 2024), possibly due to the lower runoff, and an increasing evaporation rate. Meli et al. (2023) calculate the contribution of the steric component to the MSL showing a partial compensation between thermosteric and halosteric contributions.

A noticeable change in the spatial variation pattern of sea level is observed, transitioning from a more homogeneous variation to a clear latitudinal variation, with a decrease towards the northeast of the Adriatic in the mid-term projection (Figures 8a,b). A local minimum is found in the core of the Southern Adriatic cyclonic gyre in both cases, becoming more intense in the projection due to gyre intensification. Additionally, higher sea level values are noted along the west coast.
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FIGURE 8
 (a,b) Time average total sea level (the sum of SSH and steric effects) anomaly, for the historical and projection periods, respectively. (c,d) Linear trend of total sea level for the historical and projection periods, respectively. (e) Temporal variation of yearly average MTSL anomaly for the historical period (blue line) and the projection period (orange line). Dashed lines indicate the linear trend of the series. The black line represents the temporal variation of the annual mean MSL obtained from satellite altimetry data.


This latitudinal variation pattern of sea level, decreasing towards the northeast and higher values along the west coast, reflects the sea level trend fields from the historical period (Figure 8c). This indicates a increasing trend throughout the region in the historical period, with average values of +4.8 mm/year, representative of satellite altimetry observations (Figure 8e), but with more intense values in the Southern Adriatic region, exceeding +7.5 mm/year, and along the west coast, with values reach up to +5.5 mm/year in the Emilia-Romagna coast region.

The projections indicate a decrease in the sea level trend, with average values for the region dropping to +3.3 mm/year (Figure 8e), with values below +2 mm/year in the northern Adriatic region (Figure 8d). The reason for this decrease are the compensating effects between thermosteric and halosteric effects, as already shown by Meli et al. (2023) and the decrease in the water budget due to river discharge as shown in Verri et al. (2024).




4 Conclusion

This study has presented a set of marine climate indicators using a climate downscaling dataset for the RCP8.5 scenario in the Adriatic Sea. We have uncovered insights into Sea Surface Temperature (SST) trends, Ocean Heat Content (OHC) changes, Marine Heatwaves (MHWs) frequency and anplitude, Vertical Stability (Brunt-Väisälä Frequency), and Sea Level Rise for an historical reference period (1992–2011) and the projection period (2031–2050).

A warming trend in SST, particularly evident along the area occupied by the Western Adriatic Coastal Current, shows the relevant differences between various regions of the Adriatic Sea. The OHC indicator analysis shows that the south Adriatic region is a hotspot for heat accumulation. Both SST and OHC however show a trend slow down in the projection with respect to the historical reference period.

The Brunt-Väisälä frequency shows a decrease of vertical stability in the Northern, river discharge dominated areas due to the increasing salinity while the southern Adriatic shows a large vertical stability between 100 and 900 m depth. The intensification of MHWs in terms of both duration and intensity, especially in the projection period, serves as a poignant reminder of the impending ecological and socio-economic repercussions.

The Total Sea Level (TSL) analysis confirms a showdown of the rate of Mean TSL, especially in the Northern Adriatic, due a combination of effects, the compensation between growing temperature and salinity and the decreased river discharge. A specific analysis of this trend is being formalised in a companion paper for the satellite altimetry signal (Borile et al., 2024).

The dynamism of the Adriatic Sea, coupled with the evolving nature of climate change, necessitates continuous monitoring and refinement of models for heightened accuracy in future projections. In a parallel paper, Mentaschi et al. (2024) have shown that the changes in temperature, river discharge and vertical stability determine a decresing trend in the marine primary producer biomass and increased acidification. The cumulative impacts of these factors will significantly influence our ability to adapt to climate change. It is essential to present them collectively, especially when seeking solutions for adaptation.
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