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Abstract. In summer and autumn 2023, unusually high bottom temperatures were recorded at the Vida buoy (LTER site, 22 m
depth) in the Gulf of Trieste (northern Adriatic, Mediterranean Sea). This long-term dataset enabled rare in situ observation of
a bottom marine heatwave (BMHW), which began in early August and lasted over three months. At its peak, bottom tempera-
ture reached 4.3°C above the 20-year average and 1.2°C above the previous maximum recorded since 2002. Observations and
modelling indicate that the BMHW was preconditioned by a prolonged drought starting in 2022 and continuing into 2023. This
resulted in elevated surface salinity and weakened stratification, allowing unusually deep mixing that extended to the seafloor.
Although 2023 was warm, heat was distributed over a thicker water column than usual, limiting sea surface warming but caus-
ing extreme temperatures at depth. The event persisted into autumn due to freshwater inflow, which re-established stratification
and trapped the heat below. As surface temperatures remained moderate, the BMHW was undetectable by satellites or surface
measurements. Only bottom sensors and models revealed the stress in deeper layers. Such events may therefore remain unno-
ticed while exerting extreme stress on the marine ecosystem. Our findings highlight reduced precipitation and deep mixing as
overlooked drivers of subsurface marine heatwaves, which may become more frequent in similar shallow and stratified areas

subject to increasingly frequent droughts driven by climate change.
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1 introduction

Climate change is increasing environmental risks on most ecosystems through numerous pathways. Persistent warming trends
in the global oceans, reaching from the ocean surface (von Schuckmann et al., 2024; Plecha and Soares, 2020) to bathypelagic
depths, lead to an increase in thermal and other stressors for pelagic and benthic organisms (Boyd et al., 2015). One of the
most frequent short timescale harbingers of these long-term processes are periods of prolonged anomalously warm ocean
temperatures with far reaching consequences for coastal communities and marine ecosystems (Estournel et al., 2025; Brown
et al., 2021; Garrabou et al., 2022). These anomalies are most often referred to with a generic broad term of marine heatwaves
(MHW5s), and lead to a series of dramatic undesired effects in the ocean, from mass mortality events to shifts in ecosystemic
community structures (Garrabou et al., 2022; Gomez-Gras et al., 2021; Gémez-Gras et al., 2021), but can also impact dominant
climate modes (Holbrook et al., 2019) and contribute to compound extreme events (Rodrigues et al., 2025; Gruber et al., 2021),
such as atmospheric heatwaves and heavy precipitation events, boosting risks of regional flooding and coastal region wildfires.
They are typically defined as prolonged periods of anomalously warm ocean temperatures relative to the local climate baseline
(often above the 90th percentile for the respective day of year) lasting at least 5 days (Hobday et al., 2016). Both thresholds for
this MHW definition, the percentiles and the 5-day period, are somewhat arbitrary, however they will be used in this study as
well to stay in line with previous works on the topic.

Bottom marine heatwaves (BMHW) are an analogous phenomenon occurring near the ocean floor and can be identified
along similar lines. For example, Amaya et al. (2023a) classify a month as experiencing a BMHW if the detrended bottom
temperature anomaly exceeds the 90th percentile for that calendar month, analogous to surface MHW detection. BMHWs
arise from an interplay of oceanic processes and atmosphere-ocean interactions (Malan et al., 2025). In comparison to surface
events, which can be studied on the basis of satellite observations, BMHWs are less well understood due to lack of deep sea
and benthic temperature measurements. Their intensity and longevity can however exceed that of a surface MHW (Capotondi
et al., 2024; Darmaraki et al., 2019). Furthermore, extremely intense BMHW s without any surface indication are not uncommon
(Amaya et al., 2023a). For example, during a given marine heatwave event, the seafloor in some regions can be warmer relative
to its baseline than the surface layer is relative to its respective baseline.

Open ocean surface MHWs are often driven by intense atmosphere-ocean heat fluxes, accumulating heat above the thermo-
cline (Denaxa et al., 2024). This mechanism however typically doesn’t explain deep and bottom marine heatwaves. BMHWs
are typically driven by atmospheric heating of the stratified surface layer due to the presence of an atmospheric heatwave (Pastor
and Khodayar, 2023), followed by a period of stratification weakening, water column mixing and warm water entrainment. This
way a surface MHW can be translated into a bottom MHW. Another option for a BMHW generation is horizontal warm water
advection in the deep layer, raising temperature close to the seafloor and lacking a significant surface signature. An existing
weak stratification may be a relevant preconditioning factor which controls whether a BMHW can occur and how long it will
last. Since they are not losing heat to the atmosphere, BMHWSs can be very persistent (Amaya et al., 2023a). Salinity’s role is
twofold: it influences stratification strength and can indicate water mass changes. A fresher surface will strengthen stratification

and trap the heat in the surface layer above the pycnocline. This can intensify the surface MHW intensity while shielding the
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bottom from immediate warming. In contrast, weak salinity stratification allows for easier vertical mixing. Therefore, salinity
profiles can either amplify or dampen a heatwave’s vertical reach.

Previous research on the biological effects of MHWSs has shown that the most devastating mass mortality events occur in
benthic communities (Konsta et al., 2026; Estournel et al., 2025; Garrabou et al., 2022; Smale et al., 2019; Garrabou et al.,
2009). Whereas pelagic species can often seek refuge in deeper, colder waters (Smith et al., 2023), benthic species are not
mobile and therefore cannot escape overheating (Smale et al., 2019; Galli et al., 2017). Benthic organisms are also threatened
by BMHWSs, which by definition occur at the bottom and sometimes without a surface signal. The Mediterranean Sea is a
known biodiversity hotspot vulnerable to climate change (Konsta et al., 2026; Simon et al., 2022; Tuel and Eltahir, 2020),
and ocean warming has already affected Mediterranean biota (Azzurro et al., 2019), including in the Adriatic Sea and its
northernmost part—the Gulf of Trieste (Figure 1) (Donsa et al., 2026; Gianni et al., 2025; Glamuzina et al., 2024; Bevilacqua
et al., 2019). A historical overview of invertebrate mass mortality events in the Mediterranean Sea between 1945 and 2011
showed that these coincided with positive temperature anomalies (Rivetti et al., 2014). A study of more recent (2015-2019)
Mediterranean mass mortality events identified Cnidaria, Bryozoa, and Rhodophyta as the most affected taxonomic groups
(Garrabou et al., 2022), while a study on future BMHWs in the Mediterranean Sea indicates that benthic Cnidaria, Crustacea,
and Echinodermata will experience the most thermal stress in the coming decades (Konsta et al., 2026). However, the effects
of BMHWs are not limited to benthic species and have been linked to reduced cod recruitment and redistribution of some fish
species (Amaya et al., 2023a; Fogarty et al., 2008). Interestingly, Garrabou et al. (2022) identified depths between 15 m and 20
m as the most deadly, and a large proportion of our study area (the Gulf of Trieste, Figure 1) lies within this depth range.

In this paper we present one of the first in situ observations of a BMHW complemented by high resolution ocean model
simulations. A long term dataset including bottom temperatures, combined with surface salinity, temperature and other envi-
ronmental variables, enabled us to establish a solid baseline and thoroughly analyze the event, its dynamics and environmental
factors that caused it. A high resolution numerical simulation provided a full three-dimensional view and temporal evolution

of the event.
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2  Methods
2.1 Study area

The impact of marine heatwaves is closely linked to the general climatic and oceanographic context of the region in which
they occur. The Mediterranean Sea is a well-known hot spot for marine heatwaves and climate change (Pastor et al., 2024;
Hamdeno and Alvera-Azcarite, 2023; Cos et al., 2022). At the basin scale, a negative freshwater budget—where evaporation
exceeds precipitation and runoff—is compensated by a surface inflow of Atlantic Water through the Strait of Gibraltar. This
circulation contributes to the formation of a relatively well-defined pycnocline in the Western Mediterranean, which enhances
the basin’s susceptibility to marine heatwaves (Simon et al., 2022).

The Adriatic Sea forms the northern part of the central Mediterranean and represents a dilution basin (Gaci¢ et al., 2001),
receiving freshwater input from more than forty rivers. Approximately one third of the total Mediterranean river discharge
enters through the Adriatic basin (Boicourt et al., 2020). The combination of freshwater input and atmospheric forcing results
in a marked seasonal cycle, with pronounced stratification during summer under calm conditions, and a well-mixed water

column during autumn and winter driven by strong NE and SE winds.

e

Gulf of
Trieste

Vida @

Mediterranean Sea

Figure 1. Study area (background map from © Google Earth). Yellow rectangle denotes Northern Adriatic (NAd) MITgecm modeling
domain. White rectangle and inset on the right show the Gulf of Trieste. The blue dot in the Gulf of Trieste inset indicates the location of
Buoy Vida. Other toponym abbreviations are as follows: TS — Trieste (Italy), KP — Koper (Slovenia), PI — Piran (Slovenia), PO — Portoroz
Airport (Slovenia).

The Gulf of Trieste (GoT; Figure 1) is an open bay located at the northernmost limit of both the Adriatic and the Mediter-

ranean Sea. Owing to its shallow depth (average depth of approximately 20 m), geographical position, and surrounding orogra-
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phy, the GoT exhibits strong seasonal variability in both circulation and temperature (Malaci€ et al., 2006; Querin et al., 2021)
and represents a classic region of freshwater influence (ROFI).

The mean circulation in the GoT follows the larger-scale Adriatic pattern and is predominantly cyclonic, with waters enter-
ing along the Istrian coast and exiting along the northern shoreline (Poulain and Cushman-Roisin, 2001). This circulation is
strongly modulated by freshwater input from the Isonzo/Soca River, the main river discharging into the Gulf, with average dis-
charges of around 100 m? s'!. The river maintains a persistent freshwater belt along the northern coast of the GoT and generates
a pronounced north—south salinity gradient. During periods of high runoff, particularly in spring due to snowmelt within the
river catchment, the Isonzo/Soca River can dominate over wind-driven dynamics, leading to river-induced circulation patterns
(Cosoli et al., 2013; Lombardo et al., 2025). This enhanced discharge results in a basin-wide decrease in surface salinity, from
typical winter values of 37.0-38.0 to summer values of 34.0-36.0 (Malacic et al., 2006; Russo et al., 2012).

Atmospheric forcing plays a key role in shaping the GoT dynamics. Strong northeasterly Bora/Burja winds represent the
dominant wind regime, characterized by intense gustiness caused by hydraulic wave breaking (Grisogono and Belusi¢, 2009)
over the Karst Plateau. The Bora/Burja, together with river discharge, constitutes the primary forcing of extreme circulation
and mixing events in the Gulf (Lombardo et al., 2025). The second major wind regime is the Sirocco, a generally warm and
moist southeasterly wind blowing over the Adriatic Sea, which is less gusty and often associated with precipitation events
(Poulain and Raicich, 2001).

The seasonal interplay between freshwater input and atmospheric forcing governs the vertical structure of the water column
in the GoT. During summer, calm conditions and enhanced river discharge promote strong stratification, with sea surface tem-
peratures reaching values close to 30 °C, while bottom temperatures typically remain around 20 °C. The resulting pycnocline
effectively insulates bottom waters from direct atmospheric heating. In contrast, during winter, frequent cold air outbreaks
combined with strong Bora/Burja winds lead to intense surface cooling, enhanced evaporation, and increased water density.
As a result, the water column becomes well mixed and temperatures commonly drop below 10 °C. During extreme events,
such as the cold spell of 2012, temperatures as low as 4.2 °C were observed (Mihanovic et al., 2013; Licer et al., 2016; Carniel
et al., 2016). These winter conditions allow for the formation of the coldest and densest waters of the Mediterranean Sea, which
subsequently propagate southward into the deep Adriatic and further into the Ionian Sea, contributing to the ventilation of the
Mediterranean basin (Gaci€ et al., 2001; Querin et al., 2013, 2016; Mihanovi¢ et al., 2019; Vodopivec et al., 2022; Martellucci
et al., 2025).

At the ecosystem level, the large seasonal temperature range, and particularly the historically cold winter conditions, have
shaped a unique marine biota adapted to this environment. However, rising winter temperatures in recent decades have facili-
tated the northward expansion of warm-water species, some of which threaten the balance of the local ecosystem (Mavric et al.,
2025b; Dulci¢ and Lipej, 2015; Lipej and Moskon, 2011). Therefore, in addition to increased thermal stress during summer,
the native biota is increasingly challenged by invasive species that compete for resources and habitat (e.g., Callinectes sapidus
- blue crab, Mnemiopsis leidyi - sea walnut). (Mavri€ et al., 2025a; Recnik et al., 2024; Fadeev et al., 2024; Lipej and Rogelja,
2021; Malej et al., 2017).
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2.2 In situ measurements

The in situ surface salinity, surface temperature, bottom temperature and wind speed used in this study were obtained by the
oceanographic buoy Vida (Malacic, 2019) and its predecessor COSP (Malacic et al., 2003). These data contain measurements
from 2002 onward (Vodopivec et al., 2026). Vida is located in the Gulf of Trieste, 2 km offshore north-west from the cape
Madona and the town of Piran (45°32.925’ N, 13°33.042’ E). The wind is measured using a 3D sonic anemometer WindMaster
Pro from Gill Instruments, which is mounted on the buoy 5 m above sea level. A SeaBird SBE 16plus SEACAT CTD is mounted
at 2.5 m depth and a Nortec AWAC AST 600 kHz acoustic Doppler current profiler (ADCP) with a temperature sensor is located
at the bottom (21 m depth) in close vicinity. The ADCP is mounted to a tripod 0.5 m above the bottom (Cosoli et al., 2013).
All the instruments are regularly cleaned and the CTD is calibrated every 6 months. Therefore, these instruments provide a
reliable and almost uninterrupted data stream since autumn 2002.

Additional in situ data was provided by vertical CTD profiles which are obtained once to twice per month using a Sea&Sun
free-falling microstrucutre CTD probe (MSS 90). The probe provides (among other parameters) high-frequency temperature
and salinity measurements and a real-time water density value. The latter was used in the Brunt-Vaisala frequency calcula-
tion. The measurements were interpolated to regular 10 cm depth intervals and these values were used for the analysis. The
CTD casts are performed since November 2007 and 692 profiles were used in the analysis. We used the profiles obtained at
monitoring stations 000F (45.5381°N, 13.5454°E ) and 00BF (45.4753°N, 13.6160°E), since both are in close vicinity to Vida
buoy.

Precipitation and air temperature data were obtained from Portoroz Airport automatic meteorological station. The station is
located near the Secovlje salt flats (45.4753°N, 13.6160°E, 2m above sealevel), about 2 km away from the sea and 10 km away
from the Vida buoy. Daily values were downloaded from the Slovenian Environment Agency (ARSO) online archive (ARSO,
2025b). Air temperature for the 1994-2023 period was used to match the WMO guidelines (WMO, 2017) for at least 30-year
time series requirement for climatological analysis.

Po daily runoff at Ponetalgoscuro station was obtained using the Arpae Dext3r data retrieval system (ARPAE, 2025). The

data for for the 2003-2023 period was used in the analysis, matching the period of temperature and salinity data.
2.3 Insitu data analysis

Salinity and surface and bottom temperature at Vida buoy are measured in 30 min intervals. We used these values to calculate
daily averages which were then used in the further analysis. The multi-year averages and 90th percentile values were calculated
using a 30-day moving window (Hobday et al., 2016) on the whole Vida dataset (2003-2023).

Detrending of the timeseries was not performed during climatological baseline calculation. The 2002-2023 dataset is shorter
than the recommended 30-year period and there is less need for trend removal. Also removing the trend of the temperature
timeseries makes sense if, for example, one wants to detect shifts in the frequency of MHW occurrences with respect to a

moving baseline. This study on the other hand aims to analyze a given MHW event in the context of actual in situ thermal



155

160

165

170

175

https://doi.org/10.5194/egusphere-2026-2567
Preprint. Discussion started: 13 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

stress on marine organisms. We therefore chose not to detrend as this removes the very real and persistent trend of ocean
warming and its mounting pressure on those ecosystem communities which cannot adapt on the timescales of ocean warming.
Daily values were obtained for river Po runoff and PortoroZ Airport air temperature and a 30-day moving window was used
on these datasets as well to calculate multi-year averages and the 10th and 90th percentile values.
The Brunt-Viisild frequency was calculated using the density measured by the MSS90 probe. We used the values at 0.5m
(h1) and 20 m (h3) depth in the calculation:

N2 9 Phz) = p(h) 0
po  ha—hy
Where g is the gravitational acceleration (g = 9.8 m/s) and py is the reference density (po = 1025 kg/m3). Therefore our
stratification estimate is based on the assumption that the density change is linear, which is of course a very rough approxima-
tion, but still a good indicator of the stability of the water column. Monthly averages and 90th and 10th percentile values were

calculated using (mostly) bi-monthly data.
2.4 Mixed layer depth estimation

A back-of-the-envelope calculation of the mixed layer depth (MLD, denoted as &) at the location of the Vida buoy was per-
formed using the wind stress - derived from measured wind speed, ERAS air-sea heat fluxes and precipitation and measured
river runoff. Deepening of MLD due to wind stress is derived following Cushman-Roisin and Beckers (2011), using the change
in potential energy when mixing a stratified water column of mixed layer depth h:

1

Er=15

poN?h? 2)

which is caused by the work performed by the wind stress 7 = p,Cpu?, = pou?:

dEp

P g ®

The change in MLD related to the wind stress can therefore be written as:
3/2

dh = ;T”}; (;{)) dt @)

In the above equations, u,, is the wind speed, u, is the turbulent friction velocity, py is the reference water density
(po = 1028 kg/m?), p, is the air density (p, = 1.293kg/m?), Cp is the wind drag coefficient (Cp = 1.1-1072) and m is
the coefficient of proportionality that accounts for the rate of work performed by the wind stress minus the portion diverted to
kinetic energy production (m = 1.25). Note that this approach to mixed layer entrainment calculation is somewhat question-
able as it is based on energy transfer instead of mean momentum constraint (Umlauf and Burchard, 2005; Large et al., 1994;
Price, 1979). However, we are looking just for a rough estimate and, as we’ll show in the next section, it managed to produce

solid results.
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On the other hand, the buoyancy flux (B) can destabilize or stabilize the water column. Following Marshall and Schott
(1999) the change in MLD is given by:

dh = ]\_f—idt 5)

The buoyancy flux consists of the heat flux and freshwater terms (Gill, 1982):

B— GoQnet

Where « is the thermal expansion coefficient (o = 2- 1074 K1), C) is the specific heat capacity (C, = 3990 J/kgK) and
Quet is the net surface heat flux. /3 is the haline contraction coefficient (8 = 7.6-107%), S is salinity, E is the evaporation rate, P
is precipitation rate and R is river runoff divided by the surface area of the Gulf of Trieste (550 km?). Note that that in our case
the second term is negative (contrary to Gill (1982)) since evaporation reduces buoyancy and heat flux is positive downwards
and therefore increases buoyancy.

In our estimates we used the net heat flux, evaporation and precipitation from the ERA5 atmospheric reanalysis (Hersbach
et al., 2020). Values from grid cells that are marked as at least 60% water in the ERAS5 land-sea mask were used and averaged
over the Gulf of Trieste area. Isonzo/Soca and RiZana monthly discharge was obtained from Slovenian Environment Agency
(ARSO, 2025a) measured at Solkan and Dekani stations respectively.

The most poorly known parameter in our MLD calculations is the Brunt-Viisila frequency (V). Since there are no contin-
uous salinity measurements at the bottom, /N was based on vertical CTD profiles, which are quite sparse. This means that a
bottom density value - and consequently the Brunt-Viisild frequency - was measured only on 16 different days in 2023.

Summing the deepening and shoaling of the mixed layer, the MLD equation in its final discrete form is:

Ay 9BSE-P-R)

By = hy _ J%ne
o pOCpNth—l N2hn—1

2\ 3/2
4dm <paCDuw) At GACnet At (7)

N2y, Po

We used the hourly measurements of wind speed and hourly reanalysis of heat flux, evaporation and precipitation in our
calculations and therefore the time step used was At = 1 hour. The MLD value (h) was limited between 3 m and 22 m (bottom
depth).

2.5 Modelling component

In order to integrate the observations and obtain a basin-wide picture of the event, we developed a series of high-fidelity
simulations of the Gulf of Trieste. For this purpose, the MITgcm finite volume numerical model (Marshall et al., 1997) was
implemented twice. The first simulation covered the northern Adriatic Sea, defined as the portion approximately north of the
Ancona-Zadar line (see Figure 1 for NAd model domain), spanning the entire year 2023, with an integration time step of
100 s and hourly average output. The domain was discretized into rectangular cells on an Arakawa C grid, with a horizontal
spacing of 1/128° (about 750 m), while the vertical levels were characterised by uniform height (1 m) in the topmost 20- m

layer, and then progressively thicker (up to 11 m) with depth. The atmospheric forcing was derived from a sequence of 3-day
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forecasts provided by the COSMO-2I weather model (https://www.arpae.it/it/temi-ambientali/meteo/), while initial and open
boundary conditions (on the southern side of the domain) were obtained from the Mediterranean Physics Analysis and Forecast
products (Escudier et al., 2024) distributed by the Copernicus Marine Service (CMS). We considered 19 rivers whose flow was
calculated with a seasonally modulated climatology, except for the Po, Isonzo/Soca and Timavo rivers, for which hourly data
were available, collected at the Pieris hydrometric station, made available by the Regional Agency for Environmental Protection
(ARPA FVG). The riverbeds near the estuaries were simulated as straight channels of uniform depth, from which velocities
were imposed as boundary conditions to the model (Querin et al., 2021). A second simulation encompassing the Gulf of Trieste
was nested ( one-way ) into the former one: the boundary conditions were interpolated from the NAd parent run on the higher
resolution grid, with a six times higher horizontal spacing of 1/768 ° (about 125 m) and vertical thickness of 0.5 m for the
topmost 6 layers, then of 1 m in the interior and of 2 m to the deepest (> 32 m) layers. The integration time step was set to
10 s, to ensure numerical stability even during very high riverine flow rate events. The outputs (averages) were saved at hourly
intervals. The high vertical resolution of both parent and nested simulations allows for a more accurate description of the
stratification or mixing, the latter being parameterized by the turbulent kinetic energy (TKE) based scheme of (Gaspar et al.,
1990), to better capture the possible causes of the heat wave we investigated. In addition, a longer run (5 years, from 2017 to
2021) was available for the northern Adriatic Sea, set up with the same configuration as the parent 2023 simulation (Giordano
and Querin, 2025). This was used as a “climatological” reference to determine whether the patterns observed in the 2023 runs
were anomalous compared to previous years. Hereinafter we will refer to the 2023 northern Adriatic parent run as “NAd”, to

the nested Gulf of Trieste one as “GoT” and to the reference one as “Syrs”.
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3 Results
3.1 Insitu data

At the start of the year 2023 the bottom temperature was above the 90th percentile and would therefore already classify as
a heatwave (Hobday et al., 2016). However, it fell below the threshold value before the end of January and stayed slightly
(0.5°C to 1°C) above multi-year average through the whole spring and first part of the summer period. On the 5th of August the
measured daily value crossed the 90th percentile threshold again and stayed above that until the 21st of November (Figure 2).
During this period, the daily bottom temperature dropped below the 90th percentile threshold only twice, namely on the 9th of
August and on the 9th of November, therefore qualifying as a three and a half months long bottom heatwave (BMHW) (Hobday
et al., 2016; Amaya et al., 2023a). The observed bottom heatwave was of unprecedented intensity with daily temperatures up
to 4.3°C above the long time average. The maximum daily bottom temperature in 2023 was 24.7°C, which is 1.2°C above
the highest daily bottom temperature ever recorded at the Vida buoy and a full 4.1°C above the highest climatological value

(average daily bottom temperature).

Bottom temperature (22 m) [°C]
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Figure 2. Measured bottom temperature (blue line) at the location of Vida buoy. Solid black line represents a long time average, the dashed
black line represents the 90th percentile, and dotted black line represents twice the difference between the average and 90th percentile. The

former two represent category I and category II heatwaves following (Hobday et al., 2018).
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Meanwhile, the measured sea surface temperature at the same location was above average as well throughout the period, but
exceeded the 90th percentile only in the periods from the 15th of July to 25th of July and in the period from the 21st of August
until the 29th of August (Figure 3). Another surface heatwave started on the 11th of September and lasted until the end of the
year. However, the significant overheating of the surface layer started only after the bottom heatwave was already in progress.
In fact, in the beginning of August when the BMHW started, there was a significant drop in surface temperature which came
close to the multi-year average. Fascinatingly, when the long SMHW started in September, the surface temperature was quickly
matched by the bottom temperature.

28 . Top (r) and bottom (b) T [°C], daily mean

— S
il |

e = = T

i = Top average

--------------- Top 90th percentile

= TOp Measured

= + = Bottom average

--------------- Bottom 90th percentile
; | | s Bottom measured

12 L E | T T i [ T[T I i IR | IR

Jun Jul Aug Sep Oct Nov Dec

Figure 3. Measured surface (red) and bottom (blue) temperature at Vida buoy for the period from July 2023 to November 2023. Black
vertical lines mark days with average wind speed above 4 m/s (thin dashed), above 5 m/s (thin) and above 7 m/s (thick).

Looking at the salinity plots (Figure 4) we observe that the year 2023 started with unusually high surface salinity which
stayed above or around 90th percentile value most of the time until mid September. There are several short-lived drops in
salinity which often correlate with precipitation events. These are marked with vertical blue lines in Figure 4: thin dashed lines
marking events with more than 1 mm daily precipitation, thin solid lines marking days with more than 5 mm and thick solid
lines marking days with more than 10 mm precipitation. The extremely high salinity was a consequence of a long drought
period which is reflected in the Po runoff (Figure 5). The latter was below the 10th percentile value most of the time in 2022
and in the beginning of 2023. There is a short sharp peak in runoff at the end of May 2023, but that drops again quickly below
the average value. It stays below average throughout the summer followed by several peaks in the autumn.

The exceptionally high surface salinity should result in a reduced stratification of the water column. This is indeed clearly
shown in Figure 6 through very low values of Brunt-Viisili frequency (N?2) during all the CTD casts in 2023 (shaded), as
compared to the values of N2 during other years in the period 2019 - 2024.

The red dots in the bottom panel in Figure 4 show the Brunt-Viisild frequency obtained from CTD casts during 2023.

Unfortunately the CTD probe was undergoing maintenance through June and July and we are missing the N2 values in that
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Figure 4. Top: Measured surface salinity. Blue w lines mark days with precipitation over 1 mm (thin dashed), over 5 mm (thin) and over 10

mm (thick). Bottom: Brunt-Viisild (N? in s%) frequency from CTD casts.

period. However, we can see that the values from April to November are mostly around the 10th percentile value, so the
frequency and therefore stratification were extremely low in that period. That would lead us to the speculation that the wind in
summer 2023 was able to mix the water column much deeper than usually in this period of the year. The black vertical lines
in Figure 3 indicate high wind events. The days with average wind speed above 4 m/s are marked with thin dashed lines, those
with average wind speed above 5 m/s are marked with thin solid lines and those above 7 m/s are marked with thick solid lines.
In the top panel we can see that high wind events are often followed by a jump in bottom temperature, indicating that the mixed
layer deepened enough to affect the bottom waters (e.g. 4th to 6th of August, 28th to 31st of August, 3rd to 7th of September,

etc.).
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Figure 5. Po runoff for 2022 and 2023. The climatology was calculated on a 2003-2023 period using 30-day running average.
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Figure 6. Brunt-Viisili frequency (N2 in s) computed from CTD casts at the location of Vida buoy in the period 2008-2024. The gray area
marks the year 2023.

We estimate the mixed layer depth (MLD) using the equation (7). Since we don’t have enough CTD casts, we assume that
N? was at the 10th percentile value all of the time. This is a very rough assumption based on the results shown in Figure 4.
270 However, the whole MLD calculation is very approximate and should serve only to help us estimate whether the conditions

allowed for wind mixing of the whole water column. The results shown in the top plot in Figure 7 are encouraging. The blue
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dots are MLD values visually derived from the observed CTD profiles (Supplementary material) and the calculated MLD (thick
red curve) matches the observed MLD depth quite well. This gives us the confidence that the back-of-the-envelope calculation
(section 2.1) was justified. The thin red line marks the MLD calculated with average N2 (instead of the 10th percentile value).
This is an estimate of MLD as it would have been if the stratification were "normal’, i.e. there was no drought preconditioning
causing the high salinity.

The ellipses mark three important MLD events. The first one in May (marked with no. 1) shows deepening down to the
bottom, and this is also reflected in the temperature plot (Figure 7 bottom), where bottom temperature matches the surface
temperature which indicates a fully mixed column. The event no. 2 happens in the first days of August, when the BMHW
started. The MLD reaches 15 m depth and the deep mixing is reflected in the rise of bottom temperature from 20.4°C to
22.1°C. This deepening started the extreme overheating. On the other hand, the thin red line deepens to only 8 m confirming
that the BMHW would not have happened if the stratification was higher. The third ellipse (no. 3) marks two consecutive
deepenings of the MLD which are both reflected in the rise of the bottom temperature. The first deepening doesn’t quite reach
the bottom (MLD reaches 18 m depth), however, the bottom temperature rises from 21.9°C to 24°C. The second deepening
reaches the bottom and again this is reflected in a match between the surface and bottom temperature. The latter rises from
22.5°C to an unprecedented 24.5°C.

There are oscillations in bottom temperature between the events marked as no.2 and no.3 in Figure 7. We can observe sharp
drops and then sudden rises which can’t be explained with changes in MLD, however the model results provide a better insight
and a reasonable explanation (see section 3.2).

At the end of October the bottom temperature surpasses the surface temperature and stays higher for about a month (Figure
3). A look at surface salinity measurements (Figure 4) shows that the event coincides with a sudden drop in salinity, which
reaches even below the 10th percentile value. After a prolonged drought period, the end of October brought high precipitation
- also visible in the Po discharge (Figure 5) - and the large amounts of freshwater re-stratified the column. This prevented the
cooler surface layers to mix down to the bottom and effectively trapped the heat in the bottom layers, prolonging the BMHW

for another month.
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Figure 7. Top: Estimated mixed layer depth at the Vida buoy (gray area and thick red line). The blue dots represent the mixed layer depth
observed in CTD profiles at the location of the Vida buoy. Black vertical lines mark days with average wind speed above 4 m/s (thin dashed),
above 5 m/s (thin) and above 7 m/s (thick). The thin red line represents the MLD calculation using an average N 2 value - the MLD if
stratification was ‘normal’, without drought. Bottom: Surface (red) and bottom (blue) temperature measured at Vida buoy (same as Figure

3). Vertical lines represent windy days (same as MLD plot). Ellipses mark important MLD deepening events described in the text.
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3.2 Model results

From the simulated field of temperature from the nested “GoT” we extracted the time evolution of the vertical profile corre-
sponding to the grid cell nearest to the Vida buoy coordinates (45.54875 °N, 13.55070 °E), shown in Figure 8. Comparing the
“GoT” simulated sea surface temperature with the Vida buoy data shows good agreement throughout the year, except for the
period between May and June, where the model presents a colder bias, reaching up to 5 °C at some points. After that however
the GoT temperature picks up and matches again with the observations, starting from July and for the remainder of the year.
Vida data aligns quite well also with L3 SST from satellite (Pisano et al., 2024) as well as from the Copernicus Marine Service
Mediterranean Physics Analysis and Forecast (MFS). Since the latter assimilates satellite observations the closer agreement
with surface data is to be expected, when compared to the free MITgcm run.

In the bottom layer instead, the MFS and MITgcm runs both show large discrepancies with respect to the Vida data. The former
presents a steady increase in temperature, almost linear at a rate of more than 3°C/month, overestimating the peak temperature
at almost 27°C and with bias reaching up to almost 5°C. The latter instead shows a similar trend as we highlighted at the
surface: a colder bias during spring and the beginning of summer, with a sudden increase which almost matches the observed
temperature. In this case we observe a delay in this rising: at the surface it occurred at the beginning of to mid July, while at
the bottom is localised at the beginning of August. The MITgcm run also shows a much larger variability, much closer to the
one in the observational data.

We extracted the closest grid cell to the Vida location also for the parent simulation “NAd”, and the corresponding “Syrs”
run spanning from 2017 to 2021, as described in section 2.5. In Figure 9 we report these outputs.

Comparing the nesting child and parent simulations, we observe little differences in the temperature time series, with the
larger discrepancies in the deepest layers. We can therefore confidently compare the GoT run with the averaged reference one:
the 2023 simulated summer surface temperature sits in the standard deviation band of the reference run, only overcoming it
by the end of September. On the contrary, in the deeper layers the discrepancy is evident: looking at the 19.5 m time series,
temperatures increase sharply by almost 5°C at the beginning of August. The simulation thus confirm the observed signal:
2023 was not an exceptional year with respect to the previous one in terms of surface temperature, but it was when looking at
the bottom. The GoT Hovmoller diagram reveals how the strong and sudden heating well aligns with tongues of warm water
descending from the surface at the beginning and end of August, hinting at an extreme penetration of heat from the topmost to
the bottom layers.

We show analogous plots but for salinity in Figure 10. Again, parent and nested runs present small discrepancies, so we can
compare them equally to the S5yrs simulation. Doing so we observe how 2023 was consistently saltier all along the water
column, with only sporadic events of fresher water than the reference run, as values exceeded the previous years’ average by
more than one standard deviation most of the time. The Hovmoller diagram further strengthens this, showing how from July
almost till November the whole water column as a mostly uniform salinity, with fresh water confined to the upper 5 to 10 m in

short events, while high values, up to 39, extend down to 15 m depth, persisting for some days.
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The deep mixing is also noticeable in Figure 11: up until mid July the mixed layer depth, computed by the model based on
a temperature threshold criterion (Kara et al., 2000), mostly stays around 5 m, occasionally reaching 10 m. At the end of July
the model MLD starts to deepen and in the beginning of August it descends to more than 15 m - coinciding with the beginning
of the BMHW and also with the event no.2 in the theoretical MLD calculation (Figure 7). The model MLD in this event is
somewhat deeper than the theoretical estimate. The double deepening at the end of August and in the beginning of September
(Figure 7 - event no.3) can be observed in the model results as well. This time the model MLD is slightly shallower than the
theoretical estimate, however the similarity of the event is obvious and the deepening is reflected in the rise of measured bottom
temperature.

Figure 12 shows the anomaly between the GoT and Syrs runs of temperature at 20 m depth, with daily averages spanning
from July to October. From these we observe how the Vida buoy observations reflect the conditions of the entire Gulf. In July
temperatures are actually below the 2017-2021 average, as the warming appears from the end of the month outside the Gulf of
Trieste, to then propagate inside during August, persisting in September and October. A slightly colder anomaly is sometimes
found at the centre of the Gulf, related to the average cyclonic circulation of the basin.

From these time frames it is not clear whether the heat wave measured by the Vida buoy was the effect of warm waters
coming from outside the domain, as the strong positive anomalies of August and September seem to suggest. Figure 13 shows
the vertical profiles along the transect (yellow line in the first panel fo Figure 12) of daily average temperature. Along the ~
15 km transect no clear advection of deep warm waters is visible; on the contrary, starting from the relatively cool condition at
the beginning of July, the heating appears uniform, starting from the surface and penetrating to the deeper layers by the end of
August.

The mesoscale variability of the cold eddy structure (see Figure 12) can also explain the bottom temperature oscillations
visible in Figure 7 (bottom plot - blue solid line), between August and September. Figure 14 shows maps, at 20 m depth, of
simulated temperature for different days. These are accompanied by the corresponding value extracted from the Vida buoy
nearest grid cell along the model’s timeseries from August 7" to September 14", From these, the temperature oscillations
appear to be correlated with the variability in position and intensity of the cyclonic eddy. When it moves closer to the Vida
buoy (location marked with a green cross), the simulated temperature decreases (e.g. on August 15%); when the cold anomaly
weakens warmer water intrudes, increasing temperatures to more than 24 °C(e.g. on September 5™); when the eddy regains

intensity, again temperature drops, almost by 1 °C (on September 8).
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Figure 8. Upper panel: time series of sea surface temperature as measured by the Vida buoy compared with satellite L3 SST, Copernicus

Marine Mediterranean Physics Analysis and Forecast (MFS) and the MITgem run. Lower panel: same for the bottom temperature.
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https://doi.org/10.5194/egusphere-2026-2567

Preprint. Discussion started: 13 May 2026 EG U \
© Author(s) 2026. CC BY 4.0 License. Sp here

39 Depth =-0.25 m

Depth = -6.50 m

>
<
©
n
---- NAd
— GoT
——- 5yrs
352023 Mar May Jul Sep Nov 2024 2023 Mar May Jul Sep Nov 2024
30 Depth = -13.50 m Depth =-19.50 m

o !V
. e
T A M

38

RN

z
£37
©
(%]
36 T NAd ---- NAd
— GoT — GoT
——= 5yrs ——= 5yrs
352023 Mar May Jul Sep Nov 2024 2023 Mar May Jul Sep Nov 2024
Time Time
| IRARLL s
-5
E
=-10
a
[
[a}
-15
-20
2023 Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Time

37.0

38.5 39.0
Salinity []

Figure 10. Upper panels: time series of salinity at different depths; for each panel the parent (“NAd”), nested (“GoT”) and reference run over

the northern Adriatic (“Syrs”, also with standard deviation band) are shown. Lower panel: Hovmoller diagram of salinity.
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4 Discussion

The MHW guidelines (Hobday et al., 2016; Amaya et al., 2023a) recommend using a 30-year baseline as a reference. However,
long term bottom temperature observations are extremely scarce and the 22-year-long dataset from buoy Vida provides a rare
opportunity for one of the rare in situ observations of a BMHW.

The measurements showed that, while the surface temperatures were above average but aligned with recent trends, the
bottom temperature exceeded by far any previous record, with peaks up to 24.7°C and overall a heat wave persisting for more
than three months. Conductivity measurements also revealed a long track of exceptionally high salinity throughout the end of
2022 and all of 2023, correlated with a period of low discharge from the Po, the main river flowing into the Adriatic Sea. This
suggests a preconditioning of the region, including the Gulf of Trieste, where high salinity caused a reduced stratification of
the water column that made it more susceptible to propagate heat towards the deeper layers. This hypothesis is reinforced by
the low Brunt-Viisila frequency and the calculated deepening of the mixed layer (computed using the observational dataset
and model simulations) reaching 20 m depth.

There is an ongoing discussion whether the baseline temperature and thresholds should be detrended when calculating MHW
and BMHW statistics, especially in areas with strong warming trends (Capotondi et al., 2024; Amaya et al., 2023a, b). Due to
a shortened baseline period (22 years instead of 30 years) there was less need for such an approach and the de-trending was
not performed. The use of 10th percentile value of Brunt-Viisild frequency in our MLD calculations is somewhat disputable
due to lack of CTD casts in June and July. However, extremely high salinity measurements at the surface during this period,
justify our choice.

A nested numerical simulation allowed us to fill the blanks where data are not available, giving us a full picture of the
dynamics of the Gulf of Trieste in 2023. Albeit with some cold bias during spring, the model seems capable of reproducing the
observed signal, in particular at the bottom where it outperforms the larger scales Copernicus Marine Forecast and Analysis.
This gives us the confidence in using the simulation to study the heat wave. Looking at the 20 m depth temperature the observed
signal reflects a wider condition, with deep waters suddenly heating, up to 4°C more than a reference run. This signal is present
even outside the Gulf and seems to occur there slightly before the onset of the heat wave as recorded by the Vida buoy. A
synthetic transect helped us to discern the origin of this event. It did not show evidence of the advection of deep warm water
from outside the Gulf, instead it supports the preconditioning hypothesis: the heating happened uniformly along the transect,
starting from the surface and warming the deeper layers. It is hinting thus at an atmospheric origin for the event, similar to
surface heat waves, that instead, owing to the reduced stratification preconditioning, propagated vertically reaching the bottom
of the Gulf.

The comparison between observations, Copernicus Mediterranean Forecast and Analysis and MITgem run highlighted the
improved performance of the latter in reproducing the bottom temperature evolution. Therefore, the very high model horizontal
and vertical resolution proves crucial to study and monitor such extreme events. We also stress that the MITgecm runs were free

hindcasts, with no data assimilation except for the indirectly included one at the open boundary of the NAd simulation and in
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the initial conditions; a data assimilating, high resolution modelling framework would be even more skilled in reconstructing
and possibly monitoring and predicting bottom marine heatwaves.

The results of this work are in line with modelling studies of MHWs and BMHWs in the Mediterranean Sea (Darmaraki
et al., 2019), along the continental shelves of North America (Amaya et al., 2023a) and along the Spanish coast (Fernandez-
Barba et al., 2024), which concluded that BMHW s tend to last longer than MHW:s and that their intensities are often higher than
in their surface counterparts. As demonstrated, the Gulf of Trieste BMHW could not have been detected from the surface. A
study of three global ocean reanalysis datasets has shown that this is not uncommon, as about one third of identified subsurface
marine heatwaves had no surface signal (Sun et al., 2023). Observational studies of BMHWs (or sub-surface MHWs) are
rare, since the number of fixed platforms that have been consistently measuring the bottom temperature for more than two
decades is rather small. Schaeffer et al. (2023) use a 28-year dataset recorded by a costal mooring located at 53 m isobath off
Sydney, Australia. The authors report on three types of marine heatwaves including sub-surface marine heatwaves reaching the
bottom. The latter are shown to be caused by downwelling-favorable winds - a different mechanism than in our case, caused
by a very different oceanographic setting. Chan et al. (2024) studied MHWs and BMHWSs using 20-years of data from five
moorings in the Santa Barbara Channel. The sites were even shallower than Vida, with bottom temperatures measured at depths
ranging from 9 m to 15 m. About 20% of identified BMHWs in these sites did not have a corresponding MHW signal near the
surface. Recent literature (Malan et al., 2025; Capotondi et al., 2024) lists several categories of surface and subsurface marine
heatwaves and the associated driving mechanisms. However, the deepening of the thermocline due to reduced freshwater input
is not mentioned as a possible mechanism driving subsurface and bottom heatwaves. It seems this possibility has until now
been overlooked, although it may play an important role in areas with reduced precipitation.

The demonstrated lack of surface signal in a significant portion of detected BHWs makes long term bottom measurements of
environmental parameters, such as those from Vida, extremely valuable. It also emphasizes the need for more bottom-mounted
thermometers for monitoring, and early warning systems consisting of in situ thermometers in combination with high resolution

models such as the MITgem configuration used in this study.

5 Conclusions

The long observational record provided by the Vida buoy allowed us to compare the 2023 bottom temperatures with a long
climatological reference and to document one of the rare in situ records of a bottom marine heatwave (BMHW). We show
that the main culprit was an extreme drought that lasted throughout 2022 and into autumn 2023. This preconditioning caused
exceptionally high salinity in the surface layers, resulting in weaker water column stratification than usual. Consequently,
summer winds that would normally mix only a few meters of the upper water column were able to deepen the mixed layer
down to the bottom of the gulf, at ~ 20 m.

Due to the reduced stratification, summer heat was absorbed into a much thicker layer than usual. As a result, surface
overheating was only moderate, while bottom temperatures reached extreme values. This explains why such bottom marine

heatwaves cannot be detected from the surface using the usual means, such as satellite-derived sea surface temperature or
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surface-mounted thermometers. We also demonstrate that a high-resolution model simulation was able to reproduce the event
dynamics and provide a full three-dimensional and temporal evolution of the bottom marine heatwave. Weak stratification was
the main driver of the BMHW onset, while subsequent re-stratification due to freshwater inflow trapped heat in the bottom
layers and prolonged the event.

In summary, reduced stratification in the GoT caused a deepening of the mixed layer, which in turn led to a BMHW in areas
where the bottom usually lies below the mixed layer depth (MLD) but was, in this case, within it. In 2023, this condition applied
to a large part of the Gulf of Trieste. This event serves as a warning: regional climate studies (Lionello and Scarascia, 2018;
Giorgi and Lionello, 2008) have identified the Mediterranean as a global warming hotspot (Tuel and Eltahir, 2020), where
surface marine heatwaves are projected to become increasingly frequent (Konsta et al., 2026; Denamiel, 2025; Galli et al.,
2017). One of the projected changes in regional climate, in addition to pronounced warming, is a decrease in total precipitation
(Cos et al., 2022). Although recent observational studies have questioned the consistency of past trends implied by these
projections (Vicente-Serrano et al., 2025), their potential future realization would further enhance stratification weakening.
Under such conditions, the type of preconditioning highlighted here will become more frequent and will likely lead to more
frequent, and possibly more intense, BMHWs in the Gulf of Trieste and other similar regions in the Mediterranean Sea and

also other shallow stratified areas subjected to droughts worldwide.
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Code and data availability. Measurements of temperature, salinity and wind at Vida are available at SEANOE: https://doi.org/10.17882/
112596, Measurements of Isonzo and RiZana runoff are available at ARSO hydrological archive (ARSO, 2025a), Measurements of Po
runoff are available at ARPAE (ARPAE, 2025), ERAS fluxes and precipitation are were obtained from CDS (https://cds.climate.copernicus.
eu/datasets/reanalysis-eraS-single-levels?tab=download). Model outputs (temperature and salinity) subset at the closest grid cell to the Vida
buoy are available at https://doi.org/10.5281/zenodo.18938867. The model version employed for this study was MITgecm checkpoint 68q.
Initial and boundary conditions files, as well as runtime namelists and domain bathymetry, for the 5-year run are available at https://doi.org/

10.5281/zenodo.15622740.
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