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Abstract. Marine Cold Spells (MCSs) are prolonged, extreme cold temperature events in the ocean that can disturb marine
ecosystems. Here, we analyze for the first time historical (1980—2014) and future (2015-2100) MCSs in the Mediterranean
Sea, using the output from a high-resolution regional climate system model, under global warming levels 1-4°C and the
high-emission climate change scenario SSP5-8.5. Historically, atmosphere forcing dominates open-ocean MCSs in all
seasons, except winter, where Advection plays a more dominant role across the basin, reflecting the influence of alongshore
currents and mesoscale variability in dynamically active regions. Mixing drives coastal and localized events mostly in the
summer, likely due to regional wind forcing. As global temperatures rise, projections relative to a fixed historical baseline
indicate up to 92% decline in future MCS occurrence, up to a 50% reduction in their duration and up to 19% decrease in
their intensity already by 2036-2055. These changes are more pronounced during winter, with the events becoming
increasingly confined to the northern Mediterranean and progressively disappearing. When defined relative to a shifted
climatology, future MCSs represent extreme cold events of a warmer climate and are projected to become less frequent,
slightly longer and more intense compared to the past by the end of the century. The driving mechanisms of both types of
future MCSs shift from a dominant atmospheric control in the historical period towards an increasing influence of oceanic

advection and mixing, particularly in the summer, autumn and spring and by the end of the century.

1.Introduction

Marine Cold Spells (MCSs) are defined as a continuous period of extreme cold temperature events affecting the surface
or the entire water column in the coastal or open ocean, where they can drive abrupt and significant changes in marine
biodiversity and ecosystem functioning (Schlegel et al., 2021). Over the last decades, there has been a dramatic decrease in
MCS frequency, duration and intensity in certain regions of the global ocean (Schlegel et al., 2017), including the
Mediterranean Sea (Simon et al., 2022; Ciappa, 2022). Although MCS trends and spatial distribution are not well studied in
the basin, Simon et al. (2022) revealed a higher occurrence of MCS in the western Mediterranean (WMED) between 1982-
2021, while the Eastern Mediterranean (EMED) featured a more profound MCS decline, potentially linked to the warming of
the area (Kotta et Kitsiou, 2019), despite experiencing some of the strongest MCSs ever recorded in the region (winter 1983,
1984 and 1992).

To date, most documented Mediterranean MCSs have been associated with dense water formation events (DWF). For
example, one of the most severe MCSs occurred in the Adriatic Sea during the winter of 2012, where seawater temperatures
reached values as low as 4°C, due to strong and persistent northeasterly winds and large surface heat losses to the
atmosphere. The exceptionally cold and dense water masses that were formed spread quickly throughout the deepest parts of
the basin (Mihanovi¢ et al., 2013; Raicich et al.,, 2013; Chiggiato et al., 2016a,b; Querin et al., 2016), altering deep
stratification (Bensi et al., 2013). In some coastal locations of eastern Adriatic this event was preconditioned by a reduction

in the typical freshwater input, following an unusually dry and warm preceding year (Mihanovi¢ et al.,2013; Janekovi¢ et al.,
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2014). The exceptionally cold and windy conditions that ultimately triggered the MCS were attributed to an interplay
between deep lows (Chiggiato et al., 2016b) developing over the Mediterranean Sea (Raicich et al., 2013), particularly
affecting the central and south Adriatic Sea (Mihanovi¢ et al., 2013) and to a persistent and stable anticyclonic atmospheric
circulation that extended over central Europe. Such an intense atmosphere blocking scenario manifests rarely over the
Adriatic Sea (Mihanovi¢ et al., 2013), with the last notable occurrences documented in 1929 and 1956 (Penzar et al., 2001).
The 2012 MSC ended due to a sudden drop in windspeed. Similarly cold, windy and anomalously dry winters triggered
major DWF events in the WMED during 2005 (Lopez-Jurado et al., 2005; Salat et al., 2006; Font et al., 2007; Schroeder et
al., 2008; Guillén et al., 2018), in the Aegean Sea during the winter of 2016/2017 (Velaoras et al., 2017) and in the Cretan
Sea in 2022 (Teruzzi et al., 2024) .

A notable MCS occurred in October 2021, during interactions between Medicane Apollo and the permanent cyclonic gyre
in the western Ionian Sea. The dramatic drop in the temperature of the cyclonic gyre core was attributed to increased wind-
stress curl, Ekman pumping and relative vorticity. Unlike previous atmospheric cyclones, surface layers in the cyclonic gyre
area cooled as vertical mixing was combined with upwelling in the subsurface layers, leading to shoaling of mixed layer
depth (MLD), nutricline and halocline (Menna et al., 2023).

MCS have been observed to enhance productivity in the ocean surface (Auger et al. 2014; Terruzzi et al., 2024), but their
impacts in the Mediterranean Sea vary. While anomalous DWF have caused fisheries collapse (Company et al., 2008; Martin
et al., 2016) they have also enhanced trophic webs of deep-sea, sessile benthic communities (Orejas et al., 2009; Gori et al.,
2013; Taviani et al., 2016). The intense and prolonged cold outbreak that affected the Gulf of Trieste in February 2018 led to
a transient oligotrophy regime, changes in biogeochemistry of coastal systems and constrained the microbial processing of
organic matter, further hindering metabolic recovery following the event's conclusion (Manna et al., 2019). In 1991, a strong
cold-air outbreak over the shallow Thessaloniki Bay, combined with very cold water transport from nearby rivers, resulted in
a mass mortality event of approximately 794 tonnes of the fish species Sardinella aurita Valenciennes, due to thermal shock
(Economidis et Vogiatzis,1992). Cold stress can also trigger acclimatory responses, as shown by increased metabolic rates in
Anomalocardia flexuosa during simulated winter cold spells (Carneiro et al., 2020).

Despite their significant impacts on the marine environment, the drivers of historical MCSs in the Mediterranean Sea
have not been systematically examined, with research largely focusing on their warm counterparts, marine heatwaves
(Darmaraki et al., 2024). Existing research on cold extremes in the basin has also largely focused on winter DWF processes,
with the mechanisms leading to MCS in other seasons remaining unexplored. Moreover, no study to date has investigated
how climate change may alter MCS characteristics and their underlying mechanisms.

Here, we address these gaps by providing for the first time, projections of future MCS characteristics and drivers in the
Mediterranean Sea. We use the output of a coupled regional climate system model developed for the Mediterranean Sea to
investigate local-scale MCS properties and related drivers across historical (1980-2014) and future (2015-2100) periods. We
assess projected changes of future MCS characteristics and their drivers under global warming scenarios 1°C, 2°C, 3°C and

4°C above the pre-industrial era, under the high-emission scenario SSP5-8.5. The paper is organised as follows: Section 2

3
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presents the datasets and methodologies used to identify MCS. The results of our analysis are discussed in Section 3, with
the conclusions provided in Section 4.

2.Methods

2.1 Datasets

To investigate the past and future characteristics and drivers of Mediterranean MCSs, we use the outputs from the high-
resolution (6—8 km), fully coupled regional climate system model CNRM-RCSM6 (Sevault, 2024; Darmaraki et al., 2019b)
from the Med-CORDEX-CMIP6 initiative (Ruti et al., 2016; Somot et al., 2018). The modeling system includes the ocean
model NEMOMED12 (Beuvier et al., 2012; Madec et al., 2022), with a horizontal resolution of 1/12° and 75 uneven vertical
levels (including 7 in the upper 10 m) and covers the entire Mediterranean Sea. We analyze daily sea surface temperature
(SST), mixed layer temperature (MLT), mixed layer depth (MLD) and both atmospheric and oceanic heat flux components.
The model’s historical and scenario runs have already been extensively used to assess past and future changes in
Mediterranean surface circulation and sea level (Parras-Berrocal et al., 2024; 2025), as well as surface and subsurface marine
heatwaves (Darmaraki et al., 2019a; 2025 in review).

To identify historical and future MCS in this work we apply the Hobday et al. (2016) definition on daily MLT. Prior to
this analysis we assess the model’s skill in reproducing historical MCSs in the Mediterranean Sea, by applying the MCS
detection framework on the modeled SST, due to the lack of observational datasets with sufficient spatial and temporal
coverage of MLT. In particular, the surface MCSs identified from the model are compared against observed events identified
from the reprocessed Mediterranean Sea, high resolution Level-4 SST product
(https://data.marine.copernicus.eu/product/SST MED SST 1.4 REP OBSERVATIONS 010 021/description, Pisano et
al., 2016). This dataset provides daily, satellite-derived SST at 0.05° resolution for the period 1982-2017. The differences
between the events identified from the model’s SST and MLT are elaborated in the discussion section.

The CNRM-RCSMS6 hindcast simulation between 1982—2017 is used as an additional reference simulation against which
historical surface MCS characteristics are compared. This hindcast simulation has previously been validated in Darmaraki et
al., (2019b), in addition to the skill of the model in reproducing the seasonal mean SST features in Darmaraki et al. (2025, in

review)
2.2 MCS detection

As introduced in the previous section, we identify MCSs using the detection framework of Hobday et al. (2016), but we

apply here the updated version by Petrelli, (2022)_https://github.com/coecms/xmhw). According to this approach a MCS is

found when the daily SST falls below the seasonally varying 10th percentile threshold, relative to a 30-year baseline, for at
least 5 consecutive days. Detection is applied daily at each grid point, producing gridded fields of MCS presence/absence.

Each event is separated into onset (start to peak) and decay (peak to end) phases and is further categorized into seasons based
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on the date of its onset (e.g., an event beginning in autumn but ending in winter is classified as an autumn MCS). This
approach allows us to identify seasonal frequency, mean duration and intensity (mean temperature anomaly throughout the
event’s duration relative to climatology) of each MCS in addition to their seasonal drivers throughout their development
phase.

First, we compare surface MCS properties identified in the CNRM-RCSM6 historical run with those detected from the
satellite dataset and the output from the CNRM-RCSM6 hindcast run. By using a common 1982-2014 climatological
baseline, we ensure consistent thresholds and comparability between observed and simulated MCSs. However, as MLT
better reflects heat content variations within the mixed layer, characteristics and underlying mechanisms of MCSs are
subsequently assessed using MLT in both the historical and SSP5-8.5 runs.

The characteristics and drivers of the historical MCSs are compared with those of future MCSs under global warming
levels (GWLs) +1°C, +2°C, +3°C and +4°C relative to the pre-industrial period of (1850-1900). The future GWL periods
are determined based on the years when the driving global climate model of the RCSM (CNRM-ESM2-1) reaches each
respective GWL, following the methodology applied in CMIP5 and CMIP6 by Hauser et al. (2022) (see Table S1). This
framework has previously been adopted for Mediterranean climate projections by Parras-Berrocal et al. (2024). Finally,
following the methodology applied for MHWs by Darmaraki et al. (2025, in review), future MCSs are identified using two
approaches: (a) a fixed 1982-2014 baseline and (b) shifting climatology centered on each of the GWLI-GWLA4 (see Table
S1). This approach allows us to examine future MCSs under two climate states: one that preserves the long-term climate

change signal (fixed baseline) and another that removes it by accounting for the evolving mean state (shifting baseline).

2.3 Mixed Layer Heat Budget Analysis of MCS Drivers

To identify the drivers of MCSs, we use a daily mixed layer heat budget (MLHB) analysis, which links daily MLT
variations with changes in heat contributions from atmospheric forcing, oceanic advection and mixing processes. The MLHB

(Caniaux et al., 1998) is expressed as:

0T _  Qsw+ Quw+ Qsenst Qrat — Qswi-h _ m _ (T- T—h):_': i m _ (Kz g_:)|—h (Eq.1)
ot p0Cph : h H-\DRHYH h q-
\ J L Y J L Y ) \ Y )
AMLT B) Forcing C) Advection D) Mixing
Tendency

, where T = % f_oh Tdz is the average of MLT over MLD thickness 4 and ¢ is time in days. Qsw, Quw, Qsens, Qrat are
shortwave, longwave, sensible and latent heat fluxes, pe=1035 kg m the seawater density, Cp=3992 J kg ! °C the ocean heat
capacity, u = (u,v,w) the velocity vector, Vi, the horizontal gradient and Ky,K, are the horizontal and vertical diffusion

coefficients. The MLD is time-varying, defined by Ap = 0.01 kg m™> and a minimum depth of 10 m (Tréguier et al., 2023).
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Processes are grouped into: Forcing (net atmospheric heat fluxes), Advection (horizontal and vertical transport) and Mixing,
which encompasses local entrainment/detrainment and turbulent transports, dominated by vertical mixing. All terms are
explicitly computed, except from local entrainment/detrainment which is deduced as a residual of the budget over the time-
varying mixed layer depth. The budget is vertically averaged at each grid point and time step.

The total anomalous change in mixed-layer heat content during the MCS onset period is quantified at each grid point, by
the corresponding cumulative anomalies of daily MLT (Term A, Eq. 1) relative to the climatological period. The local
dominant MCS driver is then identified as the process removing the highest, cumulative heat content (highest anomalous
negative heat contribution) throughout the onset period, relative to the corresponding, total anomalous change in MLT. Each

anomalous MLHB contribution is described below at each location as:

_ Js Hom(®at
Cp = 2anom ) (Eq.2)
t1 dt t

,where C, is the dimensionless fractional contribution of a process p, H b

anom the daily anomalous heat contribution relative

to the respective climatology (°C/day) of a process p , T gnom (¢) the daily anomalous MLT tendency (°C/day) and ¢/, 12 the

starting and peak dates of a given MCS onset. A negative anomaly of atmospheric forcing reflects enhanced net surface heat
losses and a negative anomaly of advection indicates anomalous import of colder waters. For vertical mixing, a negative
value typically represents enhanced entrainment of colder subsurface water, reinforcing cooling, whereas a positive value
implies reduced cold entrainment or mixing which acts to damp the MCS.

To investigate how MCSs change in response to climate change, we first construct maps showing the fraction of historical
MCSs primarily driven by Forcing (fror), Advection (faay) and Mixing (fmix) relative to the total number of events at each
location, for each season and period. We then assess changes in the frequency of MCSs associated with each driving process

between the future and historical periods across seasons, expressed as percentage changes at each location:

P _ D D
Afiijy = Fapfuture = Fapnise  (EQ-3)

h P _ Nﬁist 0 P _ N]euture 0 . . . . .
, Where f(i' johist = Nfot. % and f @ifuture = et - O with p € {for,adv,mix}, NP the number of MCSs primarily

driven by a given process p in a specific location (i,j) and N*! the total number of MCSs in a given period and that location.

3.Results and Discussion:
3.1 Model Evaluation
The model’s ability to simulate past MCSs is evaluated by comparing the seasonal mean characteristics of the observed

and simulated surface events. To ensure a consistent comparison, the satellite data were interpolated to the model grid at a
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horizontal resolution of 1/12°. Throughout the period 1982-2014, the hindcast and historical runs tend to slightly
overestimate (14-18 events; Table S2) the observed basin-mean number of MCS across seasons (11-14 events, Table S2).
Nevertheless, both runs capture the spring maximum in the basin-mean MCS number (Fig. 1b,f,j), with the historical
simulation suggesting a comparably high MCS number in the summer (Fig. 1k). The northwestern Mediterranean, Adriatic
and Aegean Sea are identified as MCS hotspots in the observations and both simulations, while the southern Mediterranean
Sea shows lower MCS counts across all seasons but winter. That season displays the lowest basin-mean MCS count in both
simulations and particularly in the Ionian Sea and the Levantine Basin (Fig. le,i). The observed MCS count was found

similarly low in winter, with only one more event identified than the summer minimum.

SPRING AUTUMN

CNRM-RCSM6 CNRM-RCSM6

6°E -1°E 4°F 9°F 14°E 19°E24°E 20°E 34°E11°E-6°E -1°F 4°E O°E 14°E19°E 24°E20°E 34°E11°E-6°F -1°E 4°F 9°F 14°E19°E24°E29°E 34°E11°E6°F -1°E 4°E O°F 14°E19°E 24°E 29°E °E

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
MCS Count

Figure 1: Total number of historical surface MCSs in the Mediterranean Sea across seasons throughout 1982-2014. The
number of events is shown locally for winter (DJF), spring (MAM), summer (JJA) and autumn (SON). Row corresponds to
events detected in a-d) satellite dataset, e-h) CNRM-RCSM6 hindcast, and i—1) CNRM-RCSM6 historical simulations. MCSs
were identified by applying Hobday et al. (2016) to SST, with 1982-2014 as the baseline climatology. Seasons are assigned

based on the MCS onset date, regardless of termination.

The regions and seasons with low MCS count tend to display a more persistent behaviour. Specifically, MCSs in winter
(14-21 days) and autumn (14—18 days) are longer, on average, than MCSs in spring (12—13 days) and summer (10-11 days)
across all datasets (Table S2). While in spring and summer the datasets show no significant differences in their basin-mean
duration (Fig. 2b,c,f,g,j,k Table S2), the corresponding pattern correlation coefficients (—0.05 to 0.4) indicate limited spatial
agreement with the observations (3 <RMSE < 6.9 days, Table S3). In winter, the historical basin-mean MCS duration is
higher than the duration of both the observations and the hindcast run (Fig. 2a,e,i), while in autumn it is higher than the
observed values but lower than the hindcast run (Fig. 2d,h,l). The discrepancies are more pronounced in winter

(8<RMSE<11, corr.coeff<0.3, Table S3) and particularly over the Central Mediterranean Sea (CMED, Table S3), in parts of
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the Levantine basin and the Tyrrhenian Sea, where simulated local MCS persist for 50-90 days, in contrast to ~5-30 days in
the observations and ~60 days in the hindcast simulation.

These results indicate that although the historical simulation slightly overestimates the observed basin-mean surface MCS
number and duration it captures their observed seasonal variability, with fewer and longer MCSs in winter and autumn and
more frequent and shorter events in spring and summer. However, the low Pearson correlation coefficients and moderate
RMSESs imply that the historical simulation does not capture efficiently the spatial distribution of MCS count and duration.
This bias likely reflects differences between near-surface (0.5 m) model temperatures and satellite skin-layer measurements
and reduced short-term variability in modeled SST compared to observations (e.g. Pilo et al., 2019). A similar effect may

also influence the observed MCSs characteristics, as the satellite data were interpolated prior to analysis.

Winter Summer ~ Autumn

SATELLITE

(HIND)

z z z z

(HIST)

CNRM-RCSM6 CNRM-RCSM6

2 2 2 3

ST ..ol — = T = d N A S e A
6°E -1°E 4°E 9°E 14°E19°E24°E29°E 34°E11°E-6°E -1°E 4°E 9°E 14°E19°E24°E29°E 34°E11°E-6°E -1°E 4°E 9°E 14°E19°E24°E29°E 34°E11°E-6°E -1°E 4°E 9°E 14°E19°E24°E29°E 34°E

5 9 13 17 21 25 29 33 37 41 45 49
Days

Figure 2: As in Figure 1 but for average surface MCS duration throughout the period 1982-2014.

Both runs are also consistent with the observations in simulating higher basin-mean surface MCS intensity in summer (-2
°C) and autumn (-1.6 to -1.8 °C) relative to winter (-1.3 to -1 °C) and spring (-1.5 to -1.7 °C) (Table S2). While the historical
simulation tends to underestimate the observed basin-mean MCS intensity across all seasons (RMSE = 0.3 °C; correlation
coefficient: 0.3-0.7, Table S4,S2), its magnitude and spatial patterns are comparable to, or slightly stronger than, those of the
surface MCS identified in the hindcast run (RMSE 0.2-0.3 °C; correlation coefficient 0.7-0.9, Table S4). Both runs capture
in summer and autumn the observed north—south gradient in surface MCS intensity, with strongest anomalies in the northern
Mediterranean and particularly the Gulf of Lions (~ -4.5°C) and weakest values (~ -1.5 °C) in the south (Fig. 3c,d,g,h,k,1). In
winter (Fig. 3a,e,i) and spring (Fig. 3b,fj), however, surface MCS intensities are more uniformly distributed across the basin.
Overall, the historical run underestimates slightly the observed basin-mean intensity of surface MCSs but it qualitatively
captures their seasonal variability, with more intense events in summer and less intense in winter. The spatial patterns of

observed MCS intensity are reproduced by both the historical and hindcast run.

8
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Figure 3: As in Figure 1 but for mean MCS intensity throughout the period 1982-2014.

The characteristics of the historical surface MCSs are physically consistent with Mediterranean upper-ocean dynamics
(D’ortenzio et al., 2005): In winter, deep mixed layers distribute cold anomalies over a larger vertical extent, increasing
thermal inertia and favoring long-lasting events. During spring and summer events, enhanced stratification confines cooling
to a shallow mixed layer, leading to stronger surface anomalies and shorter MCS duration due to rapid restratification.
Consistent with this behavior, the model identifies the northwest Mediterranean, eastern Tyrrhenian and Ionian Sea and parts
of the Levantine basin as hotspots for long winter MCS, in line with the deep mixed layer depths of these regions during that
season (Houpert et al., 2015) but in contrast to the observed hotspots of long MCS, which are found in the southern Ionian

Sea.

3.2 Historical MCS in the Mediterranean Sea
3.2.1 MCS Characteristics based on MLT

To diagnose the drivers of historical MCS within the MLD we identify and examine a series of past events detected
based on MLT variability. The historical MLT-based MCSs (Table S5) display similar seasonal, basin-mean properties and
spatial patterns to the SST-defined events (Table S2), with spatial Pearson correlations of 0.6—0.9 and RMSE of 0.03—-6
across seasons and characteristics: The basin-mean count of MLT-based MCSs peaks in autumn and reaches a minimum in
winter, with hotspots identified mainly in the northern Mediterranean (Fig. S1). However, the basin-mean MCS number of
the historical simulation is weakly correlated with the equivalent of the hindcast run (Fig. Sla-d), across all seasons except
summer (Table S5).

MLT-based MCSs are longest in winter and shortest in summer and generally last longer than SST-based MCSs. In
winter, the highest durations (~50 days) occur over the Central Mediterranean and south Aegean Sea, parts of WMED and

9
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the Levantine basin (Fig. S2e), whereas summer MCSs are more uniformly distributed across the basin (Fig. S2g). The
historical simulation reproduces similar basin-mean MCS durations with the hindcast run (Fig. S2a-d), though with slightly
longer winter events and overall weak spatial agreement across seasons (Table S5).

Consistent with the SST-based MCSs (Fig. 3i-1), the intensity of MLT-based MCS is strongest in summer (—1.7 °C) and
autumn (—1.6 °C), with the historical simulation reproducing well the mean seasonal variability and spatial patterns relative
to the hindcast run and the observations. Both simulations identify the observed north—south gradient of high-to-low
intensity (Fig. 3k,1) during summer and autumn MLT-based MCSs, whereas winter and spring intensities are more uniformly
distributed across the basin (Fig. S3e-h).

Overall, the historical simulation qualitatively captures the seasonal variability and basin-mean characteristics of MLT-
based MCS: Their frequency peaks in autumn, reaches a minimum in winter when the longest events occur, whereas summer
MCSs are shorter, more intense and more uniformly distributed across the basin. The qualitative similarities with surface
MCS properties likely reflect the close correspondence between MLT and SST when the mixed layer is vertically
homogeneous. However, the slight quantitative differences between the basin-mean characteristics of the surface and MLT-
based MCSs likely occur when the mixed layer depth reaches its lower threshold of 10 m. In those cases, due to significant
stratification within the mixed layer, the SST is consistently warmer than the MLT. Therefore, MLT -based events tend to
have slightly longer duration but lower mean intensity than SST-based events, due to greater thermal inertia. Nevertheless,
the total MCS count did not show substantial differences, as expected given that MCSs are identified using percentile-based
thresholds and SST and MLT variabilities are comparable. This supports the use of the model in investigating MCS drivers
in the past and the future

For the most part of the basin, the seasonal characteristics of MLT-based MCS identified here likely reflect the
seasonality of Mediterranean MLD (Fig. S5a-d), supporting the findings by Sun et al. (2024), who reports that cold
anomalies in the ocean are sustained over extended periods due to a MCS-induced MLD deepening and an influence from
the mesoscale cyclonic eddies. In addition, the north-south gradient of MCS intensity simulated by both runs likely reflects
the stronger cooling and enhanced SST variability in northern Mediterranean sub-basins (e.g., Gulf of Lions, Adriatic Sea,
Aegean Sea), due to strong winds which can generate larger departures from the local climatological thresholds, compared to

the more stratified and warmer southern/eastern Mediterranean waters (e.g. Pastor et al., 2019, Pisano et al., 2020).

3.2.2 Drivers of MCS based on MLT

Here we assess at each grid point the frequency of each process dominating MLT-based MCSs in the historical simulation
(see Eq. 3). Figure 4 reveals a predominant influence of Forcing across all seasons, except winter. On average, 43% of the
basin’s winter MCSs and particularly in the open waters of WMED, CMED and the Levantine basin develop due to strong
cooling induced by Forcing (Fig. 4a), whereas 52% of these events are primarily driven by Advection (Fig. 4b). Mixing
dominates locally 30-60% of winter MCSs in the northeast Levantine basin and northeast Aegean (Fig. 4c). Spring MCSs are

10
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predominantly driven by Forcing (>70%) across the entire basin, with Advection driving 30-70% of the events in the
Alboran Sea, along the southern Mediterranean and western Adriatic Sea coasts and in the northern Aegean Sea (Fig. 4d,e).

The majority (60-100%) of open-ocean summer MCSs in the WMED, CMED and southeast Levantine basin are also
driven by Forcing, whereas Advection drives more than 60% of the events along the basin’s coasts (Fig. 4g,h). Mixing
dominates 30-70% of local summer MCS in the central and eastern Aegean, the northwest Mediterranean and the Tyrrhenian
Sea and in the Gulf of Sirte (Fig. 41). Autumn MCSs display a similar spatial distribution of dominant drivers except Mixing-
driven events, which occur less frequently (<40%) across the basin (Fig. 4j-1). The seasonal distribution of historical MCS
drivers closely matches that simulated by the CNRM-RCSM6 hindcast run (1982-2017), with only slight changes in the
frequencies locally (Fig. S4).

Forcing Advection Mixing

-11°E-6°E -1°E 4°E 9°E 14°E 19°E 24°E 29°E 34°E -11°E-6°E -1°E A;E 9°E 14°E 19°E 24°E 29°E 34°E

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Relative Frequency of Dominant MCS drivers

Figure 4. Seasonality of dominant drivers of historical MCSs in the Mediterranean Sea. Panels show the frequency of each
MLHB process (columns) dominating the development phase of MCSs by season (rows). MCS identification was based on
MLT from the CNRM-RCSMB6 historical simulation (1982-2014) and climatology period of 1982-2014. At each grid point,
percentage represents the number of MCS onsets attributed to each process, relative to the total number of identified onsets
during the examined period. Seasonal classification is based on the date of MCS onset, with no considerations about the

termination season.

A closer look at the atmospheric forcing shows that MCSs are generally associated with lower than normal surface air

temperatures and higher than normal wind speeds across all seasons (Fig. S5i—1,e—h). The majority of MCSs across the basin
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seem to co-occur with deeper than normal MLD basin-wide, except in winter and autumn, where MCSs in the northwestern
Mediterranean, the CMED and the Levantine basin coincide with shallower than normal MLD (Fig. S5a,d). In particular,
winter and spring MCSs in the Gulf of Lions are associated with lower than average MLD and higher than average wind
speed, whereas in the Rhodes Gyre region spring MCSs seem to emerge due to the opposite conditions. Finally, summer and
autumn MCSs are typically associated with higher than normal sea level pressure basin-wide (Fig. S50,p), while during
winter and spring events, most of the basin experiences lower than normal sea level pressure. However, the MCSs of those
seasons in the Levantine basin are, on average, linked to higher than normal sea level pressure conditions (Fig. S5m,n).

The results of our analysis are consistent with previous research linking extreme cold ocean temperatures during winter to
intense atmospheric cooling in the Adriatic and Ionian Sea and WMED, given the high number of atmosphere-driven events
simulated in these regions during that season (e.g., Raicich et al., 2013; Chiggiato et al., 2016b; Menna et al., 2023).
However, Advection emerges as the predominant driver of MCS onsets in open water during winter but affects primarily
coastal areas in summer and autumn, reflecting the influence of horizontal temperature gradients and Mediterranean
alongshore currents (Skliris et al., 2012). The role of mixing becomes more pronounced during summer MCS, in regions
where wind-induced mixing can generate and sustain surface ocean cooling ( e.g Bakun et Agostini, 2001; Lebeaupin et

Drobinski, 2009; Small et al., 2012; Ciappa, 2019 ).

3.3 Future MCS characteristics and drivers

This section focuses on projected changes in MCS characteristics and underlying mechanisms in periods of the future
that correspond to increasing GWLs (GWL1-GWL4), relative to both a fixed baseline in the past (1982-2014) and a moving
baseline centered on each GWL (Table S1). This is, to our knowledge, the first time that these events, their characteristics,
evolution and seasonal drivers in the Mediterranean Sea are systematically assessed using a daily online MLHB from a
RCSM and under the SSP5-8.5 scenario. We find that projected MCS behavior depends on the chosen baseline. Our results
are further discussed in the context of global MCS studies.
3.3.1 Future MCS characteristics based on a fixed climatology

The properties of future MCS identified relative to a fixed historical climatology become weaker with increasing GWLs
and display seasonal variability. Compared to historical events, MCS occurrence is projected to decline in GWL1, with the
largest decrease in spring (—87 %). MCSs are also expected to become shorter, with event durations decreasing by 16 % in
summer and 25 % in autumn. During these seasons, MCSs are projected to occur over a large part of the basin in GWL1
(Fig. 5a—d), but will be progressively limited to the northern Mediterranean and the Alboran Sea by GWL2 (Fig. 5e-h).
Summer and autumn MCSs exhibit slightly higher basin-mean counts (2-3 events; Table S6) compared to winter and spring
(1.2—-1.4 events; Table S6). But the projected basin-mean duration is longer in autumn and winter (10—13 days; Table S6)
than in spring and summer (7—10 days; Table S6; Fig. 5i-1), with future hotspots of prolonged MCSs (~ 50 days) emerging in

autumn over the western Ionian Sea, the Tyrrhenian Sea, and localized regions of the western Mediterranean.

12



365

370

375

380

385

https://doi.org/10.5194/egusphere-2026-962
Preprint. Discussion started: 4 March 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

The regions that will remain affected by MCSs display also slightly higher basin-mean intensities in summer and autumn
(-1.5 °C to -1.9 °C; Table S6; Fig. S5s,t,w,x) relative to winter and spring events (-1.2 °C up to -1.4 °C; Fig.5q,r,u,v) under
GWLI. This difference may partly reflect the lower number of events and locations affected during the latter two seasons.
When compared to historical events, on average, MCSs in GWLI are projected to be -6 % less intense in the summer and -2
% in autumn.

By GLW2 and relative to the historical period, MCSs will practically disappear from the basin, particularly in winter (-89
%) and spring (-92 %; Fig. 5a,b,e,f), with the projected reduction in summer and autumn MCS occurrence ranging from -87
% to -88 %, respectively. MCS duration and intensity are also expected to decrease by up to 50 % and 19 % ,respectively,
across seasons.

By the mid- (GWL3) and end of the 21st century (GWL4), MCSs are absent across the entire basin and all seasons (Fig.
S6e-h), with summer and autumn events under GWL3 limited to a few locations in the northern Mediterranean (Fig.

Sé6c,d,k,1,s,t). Consequently, the following analysis of future MCS drivers focuses on GWL1 and GWL2 periods.
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Figure 5: Seasonal distribution of projected MCS count (a-h), duration (i-p) and intensity (q-x) averaged over GWLI1 and
GWL2. Columns correspond to winter (DJF), spring (MAM), summer (JJA), and autumn (SON) events and rows to GWL1
(2007-2026) and GWL2 (2036-2055). MCSs are identified by applying the Hobday et al. (2016) framework to simulated
daily MLT under SSP5-8.5, with 19822014 period as the baseline climatology. Seasonal classification is based on the date
of MCS onset, regardless of termination. White areas indicate regions where MCS are not projected due to thermal

exceedance preventing their occurrence. Equivalent results for GWL3 and GWL4 are shown in Figure S6.

The projected characteristics of future Mediterranean MCSs are consistent with the global reduction in MCS occurrence
associated with the long-term warming of the global ocean (Yao et al., 2020, Wang et al., 2022) and the regional decline of
cold extremes observed across the basin by Simon et al. (2022) and Ciappa, (2022) due to ongoing climate change. Notably,
the Gulf of Lions region shows a substantial decrease in MCS occurrence by GWLI relative to the historical period, together
with a modest reduction in duration and an almost complete suppression of events by GWL2 and particularly in winter and
spring. This agrees with the multi-model study by Soto-Navarro et al. (2020), who indicates a weakening of DWF in the

region under the Representative Concentration Pathway (RCP) climate change scenarios.

3.3.2 Future MCS drivers based on a fixed climatology

Here, we assess changes in the frequency of future MCSs driven by Forcing (frr), Advection (fugv) and Mixing (fimix)
relative to the historical period (1982-2014). Similar to the projected MCS properties, most significant changes in MCS
drivers are projected for summer and autumn events, since MCS will practically disappear progressively in winter and spring
over most of the domain with higher GWLs. In particular, we find a consistent decline of the basin-mean Aff, in summer and
autumn events, from GWL1 (-1.5 % and -12 %) to GWL2 (-9 % and -19%) (Fig. 6¢c,d,g,h). However, localized Aff,
increases of ~50 % are projected for summer MCS in WMED and Adriatic Sea (Fig. 6¢).
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In contrast, Advection-driven MCS show a consistent basin-mean Afaq increase in autumn (12-13 %) and summer (6-14
%) events in GWL1 and GWL2 (Fig. 6k,l,0,p), Particularly in the WMED and EMED, Advection-driven MCS in autumn
will locally increase by ~80% in GWL1 (Fig. 61).

Finally, the projected response of mixing-dominated MCSs remains unclear. A variable seasonal behavior is simulated,
except in the summer, when the basin-mean Afyix consistently decreases from —4.7 % in GWLI to —5.3 % in GWL2 (Fig.
6s,w). However, localized increases of up to 80 % in the event frequency are projected for small areas of the central Ionian
Sea and the Levantine basin in GWL1 (Fig. 6s). Overall, changes are more robust in GWL1, whereas signals in GWL2 are
weaker and more spatially limited.

Overall, by GWL2 we find a basin-wide decline in future atmosphere-driven events, particularly in summer and autumn,
while advection-driven MCSs increase consistently across most seasons, except winter. Mixing-driven MCSs show
heterogeneous responses. These patterns are consistent with the projections for stronger surface circulation and mesoscale
activity in the basin, which increasingly modulate SST anomalies and elevate the role of dynamical ocean processes over
that of surface forcing, particularly in the winter when the eddy SST signature is maximum (Ser-Giacomi et al., 2020;
Parras-Berrocal et al., 2024). This is also consistent with Skliris etal. (2012), who show that decadal Mediterranean SST
variability is largely driven by horizontal heat advection and increasing warming of the Atlantic inflow (Soto-Navarro et al.,
2020) which may explain both the future disappearance of MCSs and the predominance of advection-driven mechanisms,
assuming that this projected signal combines decadal internal variability with long-term climate change.

However, the limited number of MCSs in GWL1-GWL2 may bias these estimates, as rare events could overrepresent
certain drivers, so the apparent decline in Forcing-driven MCSs and dominance of Advection- or Mixing-driven events

during those periods should be interpreted in caution and should be confirmed with future multi-model studies.
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Figure 6: Difference in the normalized MCS frequency between future ffuture and historical period fhist, for events
dominated by Forcing (Affor; a-h), Advection (Afaav;j-p) and Mixing processes (Afmix;q-X). Based on their date of initiation,
MCSs are grouped in winter (a,e,i,m,q,u), spring (b,f,j,n,r,y), summer (c,g,k,0,s,w) and autumn (d,h,L,p,t,x) and by warming
levels GWL1 and GWL2 (in rows). Corresponding results on GWL3 and GWL4 are not presented as MCS are too sparse
during those periods. The MCSs and their dominant drivers have been calculated relative to a fixed baseline climatology (see

Table S1).

3.3.3 Future MCS characteristics based on a shifted climatology

So far, future MCSs have been discussed using a fixed historical climatology of MLT as the reference period for each
season (Fig. S7) and this has shown a progressive reduction in the occurrence of most events across the basin with increasing
GWL (see Fig. 5 and Fig. S6). In addition, the historical MLT climatology has been previously shown to align well with the
historical SST climatology across all seasons (Darmaraki et al., 2025 in review). When MLT-based MCSs are instead
identified relative to a GWL-specific, shifted climatology in the future, they represent events occurring in the lower tail of
the future temperature distribution. Across GWL1-GWLA4, this shifted baseline reflects progressively warmer mean climate
states (Fig. S8), corresponding to increasing levels of global warming relative to preindustrial conditions.

Here, we examine these MCSs of the future climate, which are identified against increasingly warmer climatologies (Fig.
S9) but still represent anomalously cold conditions relative to the GWL-specific mean state. For brevity, we present MCS
characteristics and their drivers in GWL2 and GWL4, as representative periods of the mid- and end of the 21st century,
respectively. Corresponding results for GWL1 and GWL3 are briefly commended and provided in the Supplementary
Material.

Relative to the historical period, the occurrence of future MCSs is projected to decrease in all seasons and the strongest
decrease is expected in summer MCSs with higher GWLs (from -36 % to -47 %). Despite the decline, MCSs remain more
frequent in spring than in other seasons across all GWLs (Table S7). By GWLA4, the strongest reduction in MCS occurrence
is projected in the Tyrrhenian Sea, Adriatic Sea, and EMED in winter (Fig. 7¢), the Liguro-Provencal and Tyrrhenian Sea,
the Gulf of Lions and Adriatic Sea in spring (Fig. 7f) and the southwestern Mediterranean and southwestern Ionian Sea in
the summer (Fig. 7g).

In GWLI1 and GWL2, MCSs are generally shorter than the historical events by -3 % to —17 % across all seasons. By
GWLA4, however, winter, spring and autumn MCSs are projected to be 9-22 % longer, whereas summer MCSs shorter by 3
% compared to historical events. From GWL2 to GWL4 basin-mean durations appear progressively longer in all seasons
except summer, with the longest durations projected in winter (21-27 days) across all GWLs (Table S7). By the end of the
century (GWLA4), the northern Mediterranean Sea emerges as a hotspot for the longest local MCS (~ 40 days, Fig. 7m), while
comparably long spring and autumn MCS are projected over the Tyrrhenian and Adriatic Sea, respectively (Fig. 7n,p). In
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GWLI1 and GWL3, however, longer winter MCSs (~ 50 days) are projected over the Ionian Sea (Fig. S10i,m). Summer
MCSs remain the shortest throughout all GWLs, with durations of 11-12 days, uniformly distributed across the basin (Fig.
7k,0, Table S7).

Finally, relative to the historical period, MCSs are projected to be -1 % to —18 % less intense in GWL1 and GWL2 across
all seasons but become progressively more intense from GWL3 to GWL4. By GWL4, MCS intensity will increase by 8§—16
%, with the largest intensification relative to the past occurring in spring and autumn events. The highest basin-mean
intensity is projected for summer MCSs (from -1.6 °C to -1.9 °C, Table S7) and the lowest in winter MCS across all GWLs
(-0.9 °C to -1.2°C, Table S7). Future summer and autumn MCSs exhibit a persistent north-to-south gradient of high to low
intensity from GWL2 to GWL4 (Figs. 7s,t,w,x). The persistence of the north-to-south intensity gradient in MCSs, even
relative to a shifted future climatology, could indicate a north-south gradient of regional wind magnitude which may remain
unchanged in the future (Parras-Berrocal et al., 2024) as well as strong atmospheric forcing. In contrast, mean winter MCS
intensity is nearly uniform across the basin under both the GWL2 and GWL4 periods (Fig. 7q,u).

Overall, by GWL4 future MCSs are projected to become fewer, slightly longer and more intense compared to historical
events. This is in line with Chiswell, (2022), who showed higher cumulative intensities in MCSs once the climate change
signal was removed. By GWL4, the longest and more intense MCSs are projected to occur in the northern Mediterranean

and the eastern Levantine Basin during winter.
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Figure 7: Seasonal distribution of projected MCS count (a—h), duration (i—p), and intensity (q—x). Columns correspond to

winter (DJF), spring (MAM), summer (JJA), and autumn (SON), while rows show results for GWL2 and GWL4 periods.

MCSs are identified by applying the Hobday et al. (2016) framework on simulated daily MLT under the SSP5-8.5 scenario,
with baseline climatologies defined for each GWL. Seasons are assigned based on the date of MCS onset. Equivalent results

for GWL1 and GWL3 are shown in Fig. S10.

3.3.4 Future MCS drivers based on a shifted climatology
Similar to the future MCS properties described in the previous section, the relative importance of the different drivers of

future MCSs varies by season and becomes more pronounced with higher GWLs. Relative to the historical period, by GWL4
the basin-mean Aff, is reduced across all seasons, with the strongest decline projected in summer (-11 %; Fig. 8g) and
autumn events (-1.1 % to -4 %; Fig. 8d,h & Fig. S11d,h). The latter reduction in Afy, mainly affects the CMED, Algerian
and southeast Levantine basin by GWL4 (Fig. 8g,h).

In comparison, the basin-mean Af,q, increases for summer, spring and autumn events from GWL2 (~0.3 %) to GWL4 (4-
8 %), with changes extending across nearly the entire basin by GWL4 (Fig. 8j-1,n-p). From GWL1 to GWL4, we also find a
consistent basin-mean increasing trend in Afnix in spring and summer events (Fig. 9r,s,v,w) and a decreasing trend in winter
and autumn MCSs (Fig. 9q,u,t,x).

Overall, the driving mechanisms of these MCSs are seasonally shifted under higher GWLs, similarly to their
characteristics. The changes indicate a transition from predominantly atmospheric control of historical MCSs towards

enhanced oceanic influence in future events, via vertical mixing and advection.
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Figure 8: Difference in the MCS frequency between future ffuture and historical period fhist, for events dominated by
Forcing (Affor; a-h), Advection (Afuyv;j-p) and Mixing processes (Afmix;q-X). Based on their date of initiation, MCSs are
grouped in winter (a,e,i,m,q,u), spring (b,f,j,n,r,y), summer (c,g,k,0,s,w) and autumn (d,h,l,p,t,x) and by warming levels
GWL2 and GWL4 (in rows). Corresponding results on GWL1 and GWL3 are presented in Fig. S11. The MCSs and their

dominant drivers have been calculated relative to each GWL period (see Table S1).

4 Conclusion:

This study provides the first systematic assessment of characteristics and dominant drivers of Mediterranean Marine Cold
Spells (MCSs) during the historical (1980-2014) period and the 21st century (2015-2100). Using the coupled regional
climate system model CNRM-RCSM6 and an on-line mixed layer heat budget (MLHB) diagnostic, we identify future events
under increasing global warming levels (GWLs) 1°C, 2°C, 3°C and 4°C above the pre-industrial era and the high-emission
scenario SSP5-8.5. Their future properties and drivers are assessed relative to both a fixed historical period and a moving
baseline centered on each GWL.

The CNRM-RCSM6 model reproduces well the seasonal variability (longer/shorter events during winter/summer) and
basin-mean magnitude of historical surface MCSs number, duration and intensity, although spatial consistency with the
observed MCS count and duration is weak. Historical MCSs are found to be more frequently driven by atmosphere forcing
across all seasons, except winter, where Advection plays a dominant role across the basin, reflecting the influence of

alongshore currents and mesoscale variability in dynamically active regions of the basin. Mixing plays an important role in
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coastal and localized regions during summer and winter events, likely reflecting the effect of regional wind forcing. In
addition, historical MCSs are linked with lower than normal surface air temperatures, stronger than normal wind speeds and
in most cases across the basin, deeper than normal MLD.

When identified relative to a fixed historical baseline, future MCSs become progressively rarer, shorter and less intense
and eventually nearly absent across the basin, as expected due to the mean warming of the Mediterranean Sea. Future MCSs
are progressively confined to the northern areas of the Mediterranean and the Alboran Sea, with the Gulf of Lions showing a
marked absence of winter MCSs by 2036-2055. The magnitude and spatial pattern of these changes, however, are sensitive
to event counts and duration. By GWL3 and GWL4, MCSs occur only at a few isolated locations in the northern
Mediterranean, effectively disappearing from the rest of the basin across all seasons.

When MCSs are evaluated relative to a GWL-specific, shifted climatology in the future, the identified events correspond
to extreme cold anomalies relative to a warmer future climate, but in absolute terms, they are warmer than historical MCSs.
These “unconventional” MCSs of the future are projected to become less frequent, slightly longer and more intense by the
end of the century. The simulations also project a north—south gradient of high-to low MCS intensity during summer and
autumn, likely associated with the stronger wind forcing in the northern parts of the basin. These future MCSs also exhibit
seasonal variability, with the highest basin-mean duration projected for winter and autumn and the lowest for summer
events, which are also the most intense alongside autumn MCSs. In other words, the choice of reference period against
which the MCS are defined strongly affects their apparent properties in the future.

Overall, the driving mechanisms of future MCSs, whether identified relative to a fixed or to a shifted historical baseline
shift from a dominant atmospheric control in the historical period towards an increasing influence of vertical mixing and
advection across most seasons. These findings highlight a potential reorganization of the physical drivers of Mediterranean
cold extremes under climate change, with implications for upper-ocean stratification, deep water formation, thermohaline
circulation and ecosystem resilience.

As the present study is based on a single future realization from one RCSM model, extending this analysis to a multi-
model RCSM framework is necessary to verify the robustness of our results and address their uncertainties. Understanding
the evolution of MCSs is important for anticipating their impacts on productivity and deep-water ecosystems (Reale et al.,
2022). Further observational validation is therefore required to reliably quantify the projected changes and assess their
ecological and biogeochemical consequences. Monitoring and studying MCSs is critical for predicting climate-driven
changes and informing management and policy strategies aimed at safeguarding the ecological resilience of the vulnerable

ecosystems of the basin.
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