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Abstract

Extreme air temperatures along with the synoptic conditions leading to their appearance are
examined for the Mediterranean region for the 85-year period of 1940-2024. The data used
are daily (04UTC and 12UTC) grid point (1° x 1°) values of 2 m air temperature, 850 hPa
air temperature, and 1000 hPa and 500 hPa geopotential heights, obtained from the ERA5
database. For 12UTC and 04UTC, the 2 m air temperature anomalies are calculated and
are used for the definition of Extremely High Temperature Days (EHTDs) and Extremely
Low Temperature Days (ELTDs), respectively. Overall, 3787 EHTDs and 4872 ELTDs are
defined. It is found that EHTDs are evidently more frequent in recent years (increased by
305% since the 1980s) whereas ELTDs are less frequent (decreased by 41% since the 1980s),
providing a clear sign of warming of the Mediterranean climate. A multivariate statistical
analysis combining factor analysis and k-means clustering, known as spectral clustering,
is applied to the data resulting in the definition of nine EHTD and seven ELTD clusters.
EHTDs are mainly associated with intense solar heating, blocking anticyclones and warm
air advection. ELTDs are connected to intense radiative cooling of the Earth’s surface, cold
air advection and Arctic outbreaks. This is a unique study for the Mediterranean region
utilizing the high-resolution ERA5 data collected since the 1940s to define and investigate
the variability of both high and low temperature extremes using a validated methodology.

Keywords: extreme air temperatures; Mediterranean region; synoptic patterns; spectral
clustering; ERA5; climate change

1. Introduction

Climate change is one of the most vital challenges of the 21st century affecting our
everyday lives and shaping our future. Temperatures are rising on a global scale affecting
human health and agriculture and threatening entire ecosystems. These temperature
increases are the result of the continuous human intervention in the natural greenhouse
effect, mainly by activities such as fossil fuel combustion and deforestation [1]. Extreme
temperatures are associated with significant energy exchanges between the surface and the
atmosphere, contributing to the development of intense weather events such as heatwaves
and droughts [2,3]. These extreme temperature events are associated with increased heat-
related mortality, particularly among vulnerable and urban populations. Furthermore,
the Mediterranean’s economic sector heavily depends on agriculture and tourism, and
the increasing frequency and intensity of temperature extremes have a negative impact
by undermining agricultural productivity, disrupting seasonal cycles and affecting water
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resources. Therefore, studying those temperature extremes and the synoptic conditions
favoring their occurrence are of critical importance for understanding their characteristics
and mitigating their impact on our planet.

The Mediterranean region is an area actively experiencing the results of ongoing
climate change [1,4,5] and is occasionally referred to as a “climate change hotspot” [6]. Mul-
tiple studies over the past decades focused on the Mediterranean temperature variability
have documented a general warming trend, particularly pronounced in the spring and
autumn seasons, with the highest temperatures recorded in recent decades. While western
Mediterranean areas consistently show increasing extreme summer temperatures, eastern
parts have exhibited a more complex behavior, with periods of “cooling” that have reversed
in the last two decades [7-9]. Climate projection models and reanalysis data further reveal
distinct regional contrasts, with southern Mediterranean areas facing more intense temper-
ature extremes and notable shifts in precipitation patterns [10-14]. Specifically, the eastern
Mediterranean and Middle East regions are warming nearly twice as fast as the global
average, with future projection scenarios indicating the increasing frequency, duration and
intensity of heatwaves under high emission scenarios [12,15,16]. These findings highlight
the importance and urgency of understanding temperature extremes and the associated
atmospheric conditions leading to their appearance across the Mediterranean basin to
better anticipate their occurrence, improve early warning systems and mitigate future
climate impacts.

In the present study, the high spatiotemporal resolution ERA5 reanalysis data are
utilized for the study of temperature extremes in the Mediterranean region. Relevant
research studies follow an objective or subjective approach by establishing thresholds for
defining temperature extremes. The objective approach is based on statistical parameters,
whereas the subjective approach is focused on the researcher’s climatological experience.
In this study, temperature extremes are defined following an objective approach, and
their relationship to synoptic atmospheric patterns is investigated using a multivariate
statistical technique. The methodology applied here is similar to the approach followed
by Lolis et al. [11] for the Balkans region. In Section 2, the data used and the applied
methodology are analyzed in detail.

The novelty of this work lies in the use of the high-resolution ERA5 dataset to ob-
jectively define both high and low temperature extremes throughout the year and across
the entire Mediterranean region for a large time period, by applying a validated multi-
variate statistical methodology. Additionally, by linking these extreme events with the
synoptic-scale atmospheric circulation patterns, this study offers valuable insights into the
underlying drivers of temperature extremes. As such, it makes a significant contribution to
the understanding of the Mediterranean climate variability.

The aim of this work is to (1) define extremely high/low temperature days by using
an objective multivariate methodology, (2) investigate the intra-annual and inter-annual
variability of the extreme days along with statistically significant long-term trends, (3) clas-
sify into clusters/groups the extreme days with the synoptic patterns leading to their
occurrence, (4) identify the seasonal and spatial variations in the defined clusters.

2. Materials and Methods
2.1. Data

The data used in this work are obtained from the fifth generation of atmospheric
reanalysis (ERAS, [17]) instruments produced by the European Centre for Medium-Range
Weather Forecasts (ECMWEF) as part of the Copernicus Climate Change Service (C3S). ERA5
provides a variety of land, sea and atmospheric variables by combining model data with
observations from satellites and in situ measurements and using advanced data assimilation
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techniques (reanalysis). The data have a spatial resolution of up to 0.25° x 0.25°, an hourly
temporal resolution and are dating back to 1940, so more than 80 years of data are available
today. In the present work, the daily (at 04UTC and 12UTC) values of air temperature at
2 m above the Earth'’s surface (T), 850 hPa air temperature (T850) and 1000 hPa and 500 hPa
geopotential heights (GH1000 and GH500) for the Mediterranean region (50° N-30° N,
10° W—-40° E, Figure 1) are used. The data have a spatial resolution of 1° x 1° and refer to
the period 1/1/1940-31/12/2024, so 85 years of data are used. The extremely high/low
temperatures are determined by the values of T at 12 and 04 UTC, respectively, and the
relationship between the defined temperature extremes and the characteristics of synoptic
circulation patterns is examined using the T850, GH1000 and GH500 values. Although
ERAS provides data at a higher spatial resolution of 0.25° x 0.25°, a coarser 1° x 1°
resolution was used in this work. This choice reflects the synoptic-scale focus of the study,
aiming to identify spatially coherent extreme temperature events and their associated
large-scale circulation patterns. Using a coarser resolution reduces regional ‘noise” and
small-scale variability, such as those introduced by microclimatic effects in mountainous
or coastal regions, leading to a clearer determination of spatially coherent extreme events
and synoptic-scale atmospheric patterns [7,8]. This approach enhances the robustness of
the statistical analysis and is commonly adopted in climatic studies of large-scale extremes,
as it preserves the main spatial patterns and long-term trends of meteorological variables
while minimizing the influence of localized effects or station-level biases [12]. However,
it must be noted that ERA5 data, like all reanalysis products, is subject to uncertainties,
especially before the assimilation of satellite observations, potentially affecting the accuracy
of temperature fields and atmospheric circulation patterns during that period [17].
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Figure 1. The long-term mean of 12 UTC 2 m air temperature (1940-2024) over the geographical
domain of the greater Mediterranean region.

2.2. Methodology

For the definition of the temperature extremes, from the daily T values at 12:00 UTC
the high temperature extremes are defined, whereas the T values at 04:00 UTC are used to
determine the extremely low temperature cases. These two hours are selected considering
the daily variation in air temperature and the time of occurrence of daily maximum and
minimum temperatures. In the next step, a procedure for the definition of a day as an
extreme is followed. The long-term mean values of T, as well as the standard deviations,
for the period 1940-2024 are computed for each of the 365 dates in the year (1/1-31/12) at
each grid point of the domain (Figure 1). In order to reduce the noise in the mean daily
intra-annual variations in T, a 5-day moving average smoothing procedure is followed. The
use of a 5-day moving average allows for a more robust identification of sustained extreme
temperature events by reducing the influence of short-term fluctuations. This approach is
appropriate for investigating synoptic-scale anomalies and has been commonly adopted
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in similar studies [11,18]. As a result, each daily T value (T4) is replaced by the average
value of the 5 closest days (Tq_2, Tq—1, Tq, Ta+1, Ta+2)- Then, the temperature anomaly
(TA) values are calculated at each grid point and for each day of the year, by subtracting
the corresponding 5-day moving averages from the T values. By using TA values, the
influence of the strong seasonal cycle is ignored, allowing the detection of high and low
temperature extremes throughout the whole year. Also, it should be noted that the use of a
constant threshold of T as the indicator for the definition of temperature extremes is not
appropriate for the present study, because temperature in the Mediterranean region presents
a strong latitudinal gradient and strong seasonal variability. Thus, such a selection would
confine high temperature extremes in summer—particularly in the southern areas—and low
temperature extremes in winter—particularly in the northern areas. The characterization of
a temperature value as extreme has to be made considering its deviation from the long-term
mean (normal) value for the specific area and the specific season of the year, because, in this
way, abnormal conditions of various causes and consequences are identified and studied in
the whole region during the whole year. This provides analytical evidence regarding the
climate variability in the region. Next, a spatial threshold indicator is applied. If at least
5% of the grid points (54/1071) have a TA more than two standard deviations from the
corresponding 5-day moving average long-term mean, the day is classified as an Extremely
High Temperature Day (EHTD). Similarly, if at least 5% of the grid points (54/1071) have a
TA less than two standard deviations from the corresponding 5-day moving average long-
term mean, the day is classified as an Extremely Low Temperature Day (ELTD). The spatial
coverage threshold is used in order to eliminate spatially isolated instances of extremes,
which are most likely related to regional micrometeorological causes [11]. The method was
also attempted using spatial coverage thresholds of 1% and 10% but the resulting number
of defined extreme cases were either too many (>12000) or too few (<2000) in regards to
the size of the dataset. Consequently, we adopted the 5% spatial coverage threshold as the
most balanced indicator and the most commonly used in relevant studies [11]. Since the
definition of temperature extremes is based on the deviations of T from the normal values
of the corresponding dates of the year (anomalies), rather than constant thresholds of T, it
is guaranteed that they are detected throughout the year and not just during the warm (for
EHTDs) and cold (for ELTDs) periods of the year. Furthermore, the temperature anomaly
ratio (TAR) is calculated by dividing the TA values by the respective standard deviation.
The TAR is used to normalize anomalies across locations with diverse climate variability,
allowing comparison between different regions.

Having defined the extreme temperature days, a statistical analysis is applied to
investigate the connection between the temperature extremes and the synoptic atmospheric
circulation patterns leading to their appearance. To accomplish this, a process known
as “spectral clustering” [19,20] is applied, which includes the use of factor analysis (FA)
followed by k-means cluster analysis (CA).

FA [21] is a multivariate statistical method that is frequently applied in climatological
studies as a dimensionality reduction technique with the lowest possible loss of the initial
data’s total variance. It is a variant of Principal Component Analysis (PCA), but it specifi-
cally seeks to uncover latent variables (factors) that can explain the observed correlations
among variables. In FA, a new set of m variables are created, called factors, which are
much smaller in number compared with the initial set of n variables (m << n). Each initial
variable is linearly correlated with one or more factors through correlation coefficients
known as factor loadings. Basically, these loadings indicate how strongly each variable is
associated with any factor, with higher values indicating strong correlation and representa-
tion. Rotation of the axes is a commonly used technique when applying FA and is used for
maximizing the variance of the new variables and improving the physical interpretation
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of the results [22]. In this work, varimax rotation is followed [23], which is an orthogonal
rotation method widely used to improve the interpretability of the extracted factors. It
works by maximizing the variance of the squared loadings within each factor. This results
in a clearer separation of variables across factors, where each variable tends to correlate
strongly with a single factor and weakly with others. Applying varimax rotation assists in
producing a more distinct and interpretable grouping of variables, without compromising
the explained variance.

CA [24] is a classification technique used for the categorization of variables into distinct
and homogeneous groups, called clusters, according to a certain statistical parameter. In the
present work, the Euclidean distance is used to quantify the similarity between variables.
Based on this classification indicator, each variable is assigned to the cluster whose centroid
it is nearest to, ensuring that variables within the same cluster are more similar to each
other than to those in other clusters. In the k-means algorithm, CA runs multiple times
for different number of clusters succeeding in the continuous rearrangement of the cases
in new clusters [25]. The number of iterations used in k-means clustering algorithm
was 47 and 52 for EHTDs and ELTDs, respectively. Then, a statistical test is applied,
indicating the optimal number of clusters leading to the best possible classification of
the parameters involved. In the present work, the distortion statistical test is followed
for the selection of the number of clusters [26]. According to this method, a parameter
called “jump” is calculated for each possible number of clusters. In the corresponding plot,
the optimal number of clusters is the point where the jump sharply decreases (“elbow”
point), beyond which adding more clusters does not significantly improve the quality of
the grouping of the variables. However, to qualitatively test the robustness and sensitivity
of clusters, various numbers of clusters slightly higher or lower than the optimum number
indicated by the distortion test were used. By comparing the results, it was realized that
the number of clusters indicated by the distortion test led to more distinct clusters with
clear physical hypostasis.

In the present study, FA is applied to extract the dominant modes of variability by
uncovering the underlying patterns in how different meteorological parameters covariate,
allowing for a more physically interpretable dimensionality reduction compared with
traditional Principal Component Analysis or Empirical Orthogonal Function approaches.
Following with the application of CA on the FA defined factors’ scores enables the objective
classification of extreme temperature events into distinct groups with common synoptic
characteristics, providing a more robust way for understanding their driving mechanisms.
To investigate the existence of statistically significant trends, the Mann-Kendall test [27] at
a 95% confidence level has been followed.

For each case of extreme temperature dates (EHTDs and ELTDs) two data matrices
are constructed containing the TAR values and the atmospheric circulation parameters’
values (GH1000, GH500 and T850). FA is applied to each matrix separately, in order to
reduce the dimensionality, and the resulting factor scores’ time series are stored in a unified
matrix. CA is applied to the unified matrix, classifying the extreme temperature dates and
the atmospheric circulation characteristics leading to their predominance, into distinct and
homogenous clusters. Figure 2 shows the step-by-step methodology used in this study;,
including the application of FA and CA, leading to the definition of EHTD/ELTD clusters.
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Figure 2. Schematic representation of the applied methodology.

3. Results and Discussion
3.1. Temperature Statistics

The long-term mean of 2 m air temperature at 12 UTC over the Mediterranean region
for the period 19402024 is shown in Figure 1. The highest mean temperature values are
observed across the southern and eastern parts of the domain, particularly over North
Africa, Greece, Cyprus and the Middle East. On the contrary, the lowest mean temperature
values are found over continental Europe, being most pronounced over central and eastern
Europe, with a notable minimum over the Alpine region north of Italy. Figure 3 shows
the mean temperature variability at 12 and 04 UTC across the Mediterranean. Figure 3a,b
present the intra-annual and inter-annual variability, respectively, highlighting the strong
seasonal cycle and year-to-year fluctuations in mean temperature. The mean annual
temperatures at 12 UTC and 04 UTC fluctuate around 17 °C and 12 °C, respectively, until
the early 2000s, after which a clear warming tendency becomes evident. Positive statistically
significant trends are revealed (95% confidence level) in the inter-annual variability of both
12 and 04 UTC mean temperatures. These are clear indicators of the warming of the
Mediterranean region, which has intensified during the last decade. Figure 3c,d compare
the intra-annual temperature cycles between two distinct periods, 1940-1980 and 1981-2024,
at 12 UTC and 04 UTC, respectively. It can be seen that the more recent period exhibits a
consistent warming across all months, with the largest differences occurring during the
early winter and early spring months. This finding also indicates a temperature increase in
the Mediterranean during the most recent periods [28], likely reflecting the impact of the
ongoing climate change in the region.



Atmosphere 2025, 16, 852

7 of 34

Mean Temperature Intra-annual Variability

Mean Temperature Inter-annual Variability

20
30 (a) — 12UTC (b)
+1 std dev —~
0% — o0auTC Vs —I=
o +1 std dev ; -----
ol LA e N |0 -
g 516 — 120UTC
w15 g — 04UTC
o
o ol4 /v\/
Q10 € e
IS S A AN
g . CRP) ,\/\/\/\\/\"\J\‘«\/vv'\/\f"\—/v
0 PP L LL P LP LSS
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec RN RN N R A N N N R R ’LQ ’LQ ’LQ ’LQ ’LQ
Date Year
2 Mean 04 UTC Temperature Intra-annual Variability 5 Mean 12 UTC Temperature Intra-annual Variability
C) \ —— 1940-1980 - d) H —— 1940-1980 -
‘I — 1981-202 IAOU . I — 1981-ZOZi l.4°U
O 2041 —=— Differencs ~ O ‘l,\l.'l i - Dwfferenc“ ~
° 1.2 o 1 A
S heg ST, TORRRLETE
< g 1l Al ]
S 108 5 I ] o
2015 g =20 1 1090
2 £ ¢ g
qé. 0.8% qg_ 0,82
g 10 0-6§ @ 15 o,6§,
c Cc c o
© 040w ®© 04 Q
2 s 2 2w 2
0.2 g 0.2 QE)
e 22
0.0 0.0

Feb Mar Apr May

Jun

Jul Aug oct

Day of Year

Sep Feb Mar Apr May Jun Jul  Aug

Day of Year

Sep

Figure 3. Mean temperature variability at 12 and 04 UTC: (a) intra-annual and (b) inter-annual vari-
ability; (c,d) intra-annual variability for 1940-1980 and 1981-2024 and their differences at (c) 12 UTC
and (d) 04 UTC.

3.2. EHTDs

The application of the methodology described in Section 2.2 for the identification
of EHTDs led to the definition of 3787 EHTDs. It is evident that these EHTDs are more
frequent during the warm period of the year and the inter-annual variation in their number
shows a statistically significant increase during the 85-year period of 1940-2024, meaning
that EHTDs occurred more frequently in recent years, especially during the 21st century
(Figure 4). The remarkable difference in the number of EHTDs between winter and summer
is mainly due to differences between the two seasons concerning (i) the statistical distribu-
tions of the air temperature samples (different number of extreme high and extreme low
values); (ii) the spatial extent of the extreme high temperature areas. In the inter-annual
variations plot, the percentages and bar colors indicate the decadal-scale changes in the
mean number of EHTDs compared with the previous decade. The green (or red) color of a
decade denotes an increased (or decreased) mean number of EHTDs compared with the
previous decade. The changes are shown as a percentage scale. Of course, the first decade,
1940-1949, does not have a previous decade to compare to and the last period, 2021-2024,
is an incomplete decade, therefore they are shown in a gray color. The rapid increase in the
mean number of EHTDs can easily be noticed with increasing percentages every passing
decade. Comparing the mean number of defined EHTDs during the periods 1940-1980 and
1981-2024, an increase of 305% is found.

Applying FA to the TAR time series results in eight factors representing 74% of
the total variance, whereas applying FA to the T850, GH1000 and GH500 time series
yields five factors representing 82% of the total variance. In the next step, the 13 factor
scores’ time series are placed in a matrix and CA is applied, as shown in Figure 2. In
Figure 5, the results of the distortion test applied to determine the optimal number of
clusters for both Extremely High (EHTDs, Figure 5a) and Extremely Low Temperature
Days (ELTDs, Figure 5b) are presented. As shown in Figure 5a for the EHTDs analysis,
the test indicates that 9 or 11 clusters would be suitable choices. While both cases were
tested, the 9 cluster classification was ultimately selected, as the 11 cluster classification
case resulted in overlapping or highly similar clusters that could reasonably be merged.
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Therefore, the classification of EHTDs along with their associated synoptic circulation
patterns into nine distinct clusters is considered the most robust and interpretable solution
for this analysis. Each cluster represents a physically meaningful grouping of EHTDs
characterized by similar temperature anomaly distributions and the associated large-scale
atmospheric circulation patterns. These patterns show the underlying synoptic conditions
that consistently lead to extreme heat events across the Mediterranean region. For each
cluster, the mean spatial patterns of TA, TAR, GH500, GH1000 and T850 are shown, along
with the inter-monthly and inter-annual variations in the number of EHTDs (Figures 6-14).
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400
200
350
a8
» 300
= =R +57.3%
i 250 = +94.4%
s ht
© 200 & 100
£ €
=
3 150 z 5 +20.3%.° 100.8%]
100 ~30.5%+34.3%_; oo ‘
50 o il .LJAHJIII..I i"hlnlll' |||.|. llin |||
0 82%’?3%%SS%BEQ&&%@%S&BSSS%&S&&E
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec ?_’SE22?2522222222%@22222888888888
Month ear

Figure 4. The inter-monthly (left) and the inter-annual (right) variations in the number of EHTDs.
In the inter-annual plot, the percentages and bar colors indicate the decadal-scale changes in the
mean number of EHTDs compared with the previous decade (green for an increase and red for a
decrease). The gray bars represent the first decade, 1940-1949, and the incomplete decade, 2021-2024.
The dashed line represents the statistically significant linear trend at 95% confidence level.
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Figure 5. The results of the distortion test for the classification of (a) EHTDs and (b) ELTDs. The
optimal number of clusters are indicated by the red circle.

CL1 (Figure 6) is generally a cold period cluster with the highest frequency of occur-
rence during the spring season (March to May). This type of EHTDs seems to be more
frequent in recent years, as shown by the positive (statistically significant) trend in the
inter-annual variation. The TA and TAR values are high over the western Mediterranean
including the Iberian Peninsula and Algeria. The synoptic conditions leading to the appear-
ance of such EHTDs, include the prevalence of anticyclonic conditions over NW Africa, a
mid-tropospheric ridge and high T850 values. These high-pressure systems act as a heat
dome, trapping the warm air, preventing cloud formation and causing prolonged heating.
The observed increase in CL1 EHTDs aligned with the findings of Zhang et al. [29], who
showed that intensifying heat domes under global warming increasingly contribute to
temperature extremes during spring.
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Figure 6. The TA (°C), TAR (unitless), GH500 (geopotential meters, gpm), GH1000 (geopotential
meters, gpm) and T850 (°C) mean patterns and the respective inter-monthly and inter-annual vari-
ations for CL1 of EHTDs. Statistically significant trends in the inter-annual variation are shown
(dashed line).
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Figure 8. Same as in Figure 6, but for CL3 of EHTDs.
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Figure 9. Same as in Figure 6, but for CL4 of EHTDs.
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Figure 10. Same as in Figure 6, but for CL5 of EHTDs.
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Figure 12. Same as in Figure 6, but for CL7 of EHTDs.
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Figure 13. Same as in Figure 6, but for CL8 of EHTDs.
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Figure 14. Same as in Figure 6, but for CL9 of EHTDs.

CL2 is a purely cold period cluster (absent in the summer months) with the highest
frequencies of occurrence in December and February. The statistically significant trend
revealed by the Mann—Kendal test shows that these EHTDs have become evidently more
frequent, especially in the most recent decade (Figure 7). The TA and TAR values are highest
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over the whole of continental Europe. Accompanying this extreme temperature pattern
are a strong anticyclone at the sea level and a mid-tropospheric ridge over the central
and western Mediterranean extending to the northeast. The strong ridge and the strong
surface high act as blocking systems preventing cloud formation, allowing continuous solar
heating and leading to sinking air which compresses and warms as it descends. These
atmospheric conditions along with the positive T850 values are connected to the occurrence
of prolonged extremely hot days over Europe. The aforementioned blocking high-pressure
patterns are consistent with those identified by Tomczyk et al. [30], who linked similar
circulation regimes to the development of prolonged heatwaves in central Europe.

CL3 is present during the whole year with a lower frequency during the winter season.
The EHTDs of CL3 are also significantly more frequent in recent years (Figure 8). The
TA and TAR values are positive and high over the eastern Mediterranean, including the
Balkans and Middle East, whereas in the western part negative values appear. Near the
surface, cyclonic conditions prevail in the eastern Mediterranean, while over the North
Atlantic Ocean a strong anticyclone dominates. The combination of these two systems
leads to a southern flow and warm air advection in the eastern part of the region, while
in the western part a northern flow dominates leading to cold air advection, thus the
negative TA and TAR values. In the troposphere, the mid-tropospheric trough and low
T850 values over NW Europe are associated with the negative TA and TAR values, whereas
the mid-tropospheric ridge and high T850 values over the eastern Mediterranean explain
the positive TA and TAR values. Kostopoulou and Jones [31] also found a stronger summer
warming in the eastern Mediterranean in comparison with the western half as well as fewer
frost dates.

CL4 is purely a warm period cluster dominating mostly during the conventional sum-
mer season (June to August) and is significantly more frequent during the last two decades
(Figure 9). High TA and TAR values appear over the Mediterranean Sea axis and especially
over the nearby inland regions (e.g., Balkans, North Africa). The synoptic conditions of
this cluster include the combination of the Azores subtropical high extension over western
Europe and the SW Asian thermal low at the 1000 hPa geopotential height. This typical
summer circulation causes the appearance of a northerly flow in the eastern Mediterranean
Sea, known as the Etesian winds [32]. However, this combination seems relatively weak
as it is not able to reduce the effect of warm advection from northern Africa and the high
radiative heating of the adjacent land areas. The strong and persistent ridge at 500 hPa,
the high temperatures in the lower troposphere and the extended Azores subtropical high
on the surface indicate the predominance of a heat dome, where warm air is trapped and
prolonged extremely warm conditions occur.

CL5 (Figure 10) mainly occurs during the warm period of the year, specifically from
May to July. Also, the EHTDs of this cluster have become significantly more frequent in
recent decades, as shown by the inter-annual variation. CL5 is associated with high TA
and TAR values over central and western Europe. The strong anticyclonic activity near the
surface leads to enhanced warming by inhibiting cloud formation and allowing continuous
solar heating, while the strong ridge in the mid-troposphere results in air masses sinking,
compressing and warming. These synoptic conditions favor the appearance of EHTDs over
central Europe and are commonly associated with prolonged heatwaves. Similar synoptic
conditions were highlighted by Tomczyk et al. [33], who associated persistent anticyclonic
circulation and mid-tropospheric ridges with prolonged heatwaves in W and SW Europe.

CL6 (Figure 11) is generally a cold period cluster with the highest frequency of occur-
rence during March—April and EHTDs of this type appear significantly more frequently in
recent years. The TA and TAR values are high in the eastern Mediterranean, including NE
Africa, Greece and the Middle East. The synoptic conditions accompanying this cluster are
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characterized by the prevalence of a surface depression over Greece and Italy, which leads
to a S-SW flow in the eastern Mediterranean. At higher altitudes, a ridge is frequent over
NE Africa where high T850 values appear. These synoptic conditions indicate warm air
advection from lower latitudes resulting in extreme temperatures in the eastern Mediter-
ranean [34]. Zhang et al. [35] also found that the frequency of warm days in the Middle
East has significantly increased, exhibiting a sharp increase after 1990s which is also seen in
the inter-annual variation in CL6 EHTDs.

CL7 (Figure 12) is purely a warm period cluster that prevails mainly from June to
September. The intra-annual variation in the frequencies of this cluster’s EHTDs shows a
statistically significant positive trend, leading to an increased frequency of appearance of
this type of EHTDs. Also, it seems that these EHTDs have been making their appearance
during the 21st century and they were almost completely absent before. The whole Mediter-
ranean region has high TA and TAR values, with the eastern part and western Europe
exhibiting the highest values. These high values are associated with surface anticyclonic
activity over NE Europe, a deep mid-tropospheric ridge originating from NW Africa and
expanding north and high temperatures at the 850 hPa level over the Mediterranean Sea
and coastal regions. These conditions favor the transfer of warm air masses from the
southern latitudes to the Mediterranean and southern Europe.

CLS8 (Figure 13) is a cold period cluster prevailing mostly from December to March and
shows a very high (statistically significant) frequency of occurrence especially during the
last two decades. High TA and TAR values are seen over NW Africa, in central and western
Mediterranean and the Balkans. The isopleths of GH500 and GH1000 are parallel with
higher values over N Africa and lower values over Europe, leading to strong westerlies
over the Mediterranean. These westerlies transfer warm and humid air masses from the
North Atlantic to the Mediterranean leading to the appearance of this type of EHTDs.
Also, the strong ridge and high 850 hPa temperatures over NW Africa act as a heat dome,
trapping warm air and preventing convection leading to extreme temperatures. This pattern
supports the results of Hertig et al. [8], who also found warming trends and increasing high
temperature extremes in the western Mediterranean under similar synoptic conditions.

CL9 is generally a cold period cluster which has become more frequent in recent
years, especially in the last two decades. The TA and TAR values are high over the central
Mediterranean and the Balkans, whereas in the western Mediterranean negative values
appear (Figure 14). The combination of cyclonic activity in NW Europe and anticyclonic
activity in eastern Europe results in the prevalence of a southern surface flow leading to
warm air advection. Moreover, the mid-tropospheric ridge and the high T850 values over
N Africa result in the entrapment of warm air leading to prolonged extremely warm days.

A summary of the results of the EHTD analysis can be seen in Table 1. Cold period
EHTDs (e.g., CL1, CL2, CL6, CL8, and CL9) are typically associated with strong anticyclonic
systems and mid-tropospheric ridges over Europe or North Africa. These synoptic patterns
suppress cloud formation and enhance subsidence, leading to clear sky conditions and
increased solar heating. In many cases, these features act as atmospheric blocking systems
that trap warm air masses, favoring the development of heat domes, even during the colder
months. In contrast, warm period EHTDs (e.g., CL4, CL5, and CL7) are more strongly
influenced by subtropical high-pressure systems, such as the Azores High, and thermal
lows, like the SW Asian thermal low. These events are often accompanied by intense
radiative heating and warm air advection from North Africa. Mid-tropospheric ridges and
high T850 values are common, particularly over southern and eastern Europe, and are
typically associated with the occurrence of heatwaves.
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Table 1. Table summarizing the results of the EHTD analysis. For each cluster, the intra-annual
frequency, the main areas affected where high TA/TAR values are found and the associated synoptic

patterns are shown.

Main Affected Areas—High

CL Intra-Annual Frequency TA/TAR Values Synoptic Pattern and Features
. . . W Mediterranean (Iberian Surface anticyclone, 500 hPa ridge,
CL1 Cold period, max in spring Peninsula, Algeria) high T850; heat dome
CL2 Cold period, max in winter Continental Europe Surface ant1cyc?lone, 500 hPa ridge;
blocking system
CL3 Year-round, min in winter E Medlte.rranean (Balkans, Depression and ar1.t1cyc10ne' combination;
Middle East) warm air advection
Mediterranean Sea axis, Balkans, Strong 500 hPa ridge, high T850;
CL4 Summer North Africa heat dome
CL5 Warm period Central and western Europe Surface anticyclone, 500 hPa ridge;
prolonged heatwaves
. . . E Mediterranean (NE Africa, Surface depression, high T850;
CL6 Cold period, max in spring Greece, Middle East) warm air advection
CL7 Summer Entire Mediterranean, highestin ~ Surface anticyclone, 500 hPa ridge, high
E Mediterranean and W Europe T850; warm air advection
CL8 Cold period NW Africa, central and western Parallel GH500 and GH1000 isopleths;
old perio Mediterranean, Balkans strong westerlies, heat dome
Surface cyclone—anticyclone
CL9 Cold period Central Mediterranean, Balkans =~ combination, 500 hPa ridge, high T850;
warm air advection
3.3. ELTDs

In the case of low temperature extremes, the applied methodology led to the definition
of 4872 ELTDs. Figure 15 shows the inter-monthly and inter-annual variations in the number
of ELTDs. It can easily be seen that the number of ELTDs has decreased significantly (95%
confidence level) during the 85-year period of 19402024, especially during the 21st century.
Also, ELTDs occur more frequently during the cold period of the year, with the highest
frequency of occurrence from December to March. Comparing the mean number of defined
ELTDs during the periods 1940-1980 and 1981-2024, a decrease of 41% is found.
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Figure 15. The inter-monthly (left) and the inter-annual (right) variations in the number of ELTDs.
In the inter-annual plot, the percentages and bar colors indicate the decadal-scale changes in the
mean number of ELTDs compared with the previous decade (green for an increase and red for a
decrease). The gray bars represent the first decade, 1940-1949, and the incomplete decade, 2021-2024.
The dashed line represents the statistically significant linear trend at 95% confidence level.
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By applying FA on the time series of ELTD TAR values, eight factors are defined which
correspond to 71% of the total variance. Applying FA on the GH1000, T850 and GH500
time series leads to the definition of six factors representing 85% of the total variance. Next,
the 14 factors’ scores are placed in a matrix (Figure 2) and by performing CA on their time
series the ELTDs clusters are defined. According to the distortion test results (Figure 5b),
the optimal number of clusters for classifying ELTDs appears to be either seven or nine.
Both options were evaluated, but the seven clusters solution was ultimately selected. The
nine cluster case produced clusters with overlapping characteristics suggesting limited
added value and making them less distinct and harder to interpret. Thus, the seven cluster
classification is considered the most robust and interpretable approach for capturing the key
synoptic patterns associated with ELTDs. The mean spatial patterns of TA, TAR, GH500,
GH1000 and T850 as well as the inter-monthly and inter-annual variations in the number
of ELTDs are shown in Figures 16-22.

CL1 (Figure 16) is an all-year round cluster with lower frequencies during the conven-
tional winter season and has become significantly less frequent in recent years. The TA and
TAR values are high (negative) over the central and western Mediterranean. Near the sea
level, the N-NE flow deriving from the combination of cyclonic activity over Greece-Italy
and anticyclonic activity over the N Atlantic Ocean leads to cold air advection over the
affected region. In the T850 field, the cold air masses originating from northern Europe
are transferred into the Mediterranean. These synoptic conditions associated with ex-
tremely cold weather were also revealed by D’Errico et al. [36], who linked similar synoptic
conditions to cold and snowy spells over southern Italy.

CL2 (Figure 17) is a pure cold period cluster with a high frequency of occurrence from
November to March and has become less frequent in recent years. High (negative) TA
and TAR values are seen in the eastern Mediterranean and the Middle East. A blocking
anticyclone dominates over the entire region, leading to a cloud-free sky and enhancing
radiative cooling during the night. The low T850 values favor the prevalence of extremely
low surface temperatures. Zhang et al. [35], by studying extreme temperatures in the
eastern Mediterranean-Middle East, found that the frequency of cold days has signifi-
cantly decreased gradually from the 1970s, in agreement with the inter-annual variation in
CL2 ELTDs.

CL3 is generally a warm period cluster with a higher frequency of occurrence during
late summer—early autumn and has become less frequent in recent periods (Figure 18). High
(negative) TA and TAR values appear over eastern Europe. The enhanced anticyclonic
activity over the affected area results in air sinking, preventing cloud formation and
increasing radiative cooling and thereby favoring the formation of surface inversions
during the night. Also, the NE flow in the east of the anticyclone favors cold air advection.
The low temperatures in the 850 hPa height confirm the advection of cold air masses. These
finding coincide with the findings of Nygard et al. [37], who showed that blocking highs
over northern Europe coupled with mid-tropospheric troughs often lead to the transport of
cold air masses and intense nighttime radiative cooling over Europe, particularly during
transitional seasons.

CL4 (Figure 19) is an all-year-round cluster with a higher frequency of occurrence during
the colder months of the year. Also, this type of ELTDs occur significantly less frequently
in recent decades. The TA and TAR values are high (negative) over the central and eastern
Mediterranean, including Italy, Greece and the Balkans. The dominant Cyprus low combined
with frequent and strong anticyclonic conditions over western Europe lead to a NE flow
and cold air advection over Greece and SE Europe. The deep trough at 500 hPa and the
very cold conditions in the lower troposphere indicate the invasion of cold polar air masses
into the eastern Mediterranean. Tringa et al. [38] performed a climatological and synoptic
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analysis of winter cold spells over the Balkan Peninsula finding that the extremely low winter
temperatures in the Balkans are associated with the aforementioned synoptic conditions.
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Figure 16. The TA (°C), TAR (unitless), GH500 (geopotential meters, gpm), GH1000 (geopotential
meters, gpm) and T850 (°C) mean patterns and the respective inter-monthly and inter-annual variations
for CL1 of ELTDs. Statistically significant trends in the inter-annual variation are shown (dashed line).
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Figure 17. Same as in Figure 16, but for CL2 of ELTDs.
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Figure 18. Same as in Figure 16, but for CL3 of ELTDs.
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Figure 19. Same as in Figure 16, but for CL4 of ELTDs.
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Figure 20. Same as in Figure 16, but for CL5 of ELTDs.
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Figure 21. Same as in Figure 16, but for CL6 of ELTDs.
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Figure 22. Same as in Figure 16, but for CL7 of ELTDs.

CL5 is a pure cold period cluster mainly dominating during the conventional winter
season. Also, a statistically significant negative trend in the inter-annual frequency of occur-
rence of this type of ELTDs is found (Figure 20). High negative TA and TAR values appear
over continental Europe and the central and western Mediterranean. The mid-tropospheric
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trough and the extremely low T850 values indicate the advection of cold air masses from
northern Europe. Near the sea level, a blocking anticyclone over Europe prevents con-
vection, inhibiting cloud formation and enhancing radiative cooling. This finding aligns
with the results of Trigo et al. [39], who emphasized that persistent blocking anticyclones
over northern and central Europe combined with mid-tropospheric troughs often lead
to severe cold spells across continental Europe due to prolonged cold air advection and
radiative cooling.

CL6 ELTDs occur generally during the warm period of the year with the highest
frequency in September—October (Figure 21). Also, they have become significantly less
frequent after the 1980s, almost disappearing in the 21st century. The TA and TAR values
are negative in the western Mediterranean. On the surface, strong and frequent cyclonic
activity prevails over the central Mediterranean. In the mid-troposphere, a trough is
seen over W Europe along with low T850 values and a ridge dominates in NE Africa
along with high T850 values. These synoptic conditions form the TA and TAR patterns
of CL6. In the western part of the surface depression, a northerly flow transports cold
air masses (low 850 hPa temperatures) from northern latitudes leading to extremely low
temperatures. In the eastern part of the surface depression, a southern flow dominates,
transporting warmer air masses (high 850 hPa temperatures) from southern latitudes
leading to warmer conditions.

Lastly, CL7 (Figure 22) is a cold period cluster with a higher frequency of occurrence
from January to March. Also, it seems that the ELTDs of CL7 are less frequent in recent
decades. The TA and TAR values are high (negative) over northern Europe. These values are
associated with a deep trough over northern Europe along with extreme low temperatures
in the lower troposphere. These conditions indicate Arctic outbreaks or polar vortex
disruptions, during which the polar vortex expands, sending cold air southward with
the jet stream. An association with negative NAO and AO indices together with strong
Greenland blocking has also been documented [37].

A summary of the results of the ELTD analysis is shown in Table 2. Cold period
ELTDs (e.g., CL2, CL4, CL5, and CL7?) are frequently characterized by blocking anticyclones
over Europe and the eastern Mediterranean that suppress cloud formation and intensify
radiative cooling. These conditions are frequently accompanied by deep mid-tropospheric
troughs and low T850 temperatures, favoring the advection of cold polar air masses.
On the other hand, warm period ELTDs (e.g., CL3 and CL6) are generally associated
with persistent surface cyclonic systems combined with mid-tropospheric troughs over
western and central Europe, resulting in cold air advection from northern latitudes. Also,
anticyclonic conditions promote enhanced radiative cooling under clear skies, leading
to extremely low temperatures during the warm season. Even though both cold and
warm period ELTDs are driven by cold air advection and radiative cooling processes, the
mechanisms differ in intensity and pattern depending on the season of the year.

The above results refer to the extremely high/low temperatures occurring in the
Mediterranean region during the last 85 years and the synoptic conditions leading to
their appearance. Comparing the present findings with the results of relevant studies
investigating extreme temperatures and trends over the region [8,9,11,31,35] could yield
interesting insights. Kostopoulou and Jones [31] focused on the eastern Mediterranean
and found stronger summer warming and fewer frost dates. These findings coincide with
the results of CL3 of EHTDs (Figure 8) for the eastern Mediterranean as well as with the
increased number of EHTDs during summer and the decreasing number of ELTDs in
recent years. Zhang et al. [35] studied precipitation and temperature extremes using indices
from data over 52 stations in the eastern Mediterranean-Middle East. They found that
the frequency of warm days in the region under study has significantly increased, which
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is also seen in the inter-annual variation in CL6 EHTDs, and the frequency of cold days
has significantly decreased in agreement with the inter-annual variation in CL2 ELTDs.
Hertig et al. [8] investigated spatial differences within the Mediterranean basin, revealing a
warming trend for the western part and a cooling trend for the eastern part of the region.
The warming of the western Mediterranean is also revealed in the results of CL1 and CL8 of
EHTDs (Figures 6 and 13), while the cooling of the eastern Mediterranean is supported by
the results of CL2 of ELTDs (Figure 17). Efthymiadis et al. [9] also found a warming of the
western Mediterranean and a cooling of the eastern part of the region, which has reversed
in recent years. This reversal is also revealed here as shown by the decreasing number of
ELTDs in recent decades (Figure 15). Lolis et al. [11] applied a similar methodology as in
the present work for the Balkan region, leading to similar results. The positive/negative
statistically significant trends in the inter-annual variations in the EHTDs/ELTDs are found
in both works.

Table 2. Table summarizing the results of the ELTD analysis. For each cluster, the intra-annual
frequency, the main areas affected where high TA/TAR values are found and the associated synoptic
patterns are shown.

Main Affected Areas—High

CL Intra-Annual Frequency TA/TAR Values Synoptic Pattern and Features
CL1 All-year-round Central and western Mediterranean Cyclone—antlcyclone cqmbma’aon; cold
air advection
CL2 Cold period E Mediterranean and Middle East Surf ace antlcyclon(?, lpw TSSQ;
blocking system, radiative cooling
CL3 Warm period E Europe Surface. anticyclone, low.T850; .cold
advection, temperature inversions
. Cyclone-anticyclone combination,
CL4 All-year-round Central and eastern Mediterranean deep 500 hPa trough; cold advection,
(Italy, Greece, Balkans) . . .
polar air mass intrusions
- Continental Europe and Surface blocking anfclcyclone-, 500 hPa
CL5 Cold period 3 trough; cold air advection,
central /western Mediterranean " .
radiative cooling
. . Surface cyclone, 500 hPa trough, low
CLe6 Warm period W Mediterranean T850; cold air advection
CL7 Cold period N Europe 500 hPa trough, low T850; Arctic

outbreaks, polar vortex disruptions

There have also been other studies investigating temperatures extremes but they have
been focused on the sub-regions of the Mediterranean and for shorter time periods [40-42].
The use of an expanded domain covering the whole Mediterranean region, the application
of a multivariate statistical methodology for objectively defining temperature extremes—
both for the cold and warm periods of the year—and linking them with the synoptic
atmospheric patterns, the investigation of the trends in temperature extremes during
ongoing climate change, and the use of the recently released reanalysis data from ERA5
dating back to 1940 are the main advantages of this study.

The results of this study provide important insights that should be considered in
policy and adaptation decisions for high-risk areas affected by extreme temperatures. The
increasing frequency and intensity of EHTDs in vulnerable regions such as the Balkans,
the Middle East and the western Mediterranean (Iberian Peninsula-NW Africa), as high-
lighted by clusters like CL5, CL6 and CL7, support the urgent need for targeted adaptation
strategies. These findings can support early warning systems by linking specific circulation
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patterns to heat extremes, enabling more accurate and timely alerts. They can also inform
urban heat action plans by identifying high-risk regions where practical measures, such as
establishing cooling centers, issuing public heat alerts and promoting heat-resilient urban
design (e.g., increased tree cover, reflective building materials), should be prioritized to
reduce exposure and strengthen public health resilience.

4. Conclusions

This study focused on investigating the characteristics and variability of temperature
extremes over the Mediterranean region, aiming to better understand their spatial and tem-
poral distribution, long-term trends and associated atmospheric circulation patterns leading
to their appearance. Utilizing 85 years (1940-2024) of high-resolution ERA5 reanalysis
data, the extremely high (EHTDs) and low (ELTDs) temperature days were identified and
classified based on the daily 2 m temperature anomalies at 12 UTC and 06 UTC, respectively.
The key findings of this work are as follows:

1. A clear intensification of temperature extremes was found. EHTDs display a sig-
nificantly increased frequency, while ELTDs have significantly decreased, especially
during the 21st century. These tendencies highlight a shifting of the temperature
regime in the Mediterranean and are consistent with the regional warming trends
linked to climate change.

2. Distinct circulation patterns were associated with each type of extreme. EHTDs typi-
cally occur under strong anticyclonic conditions, promoting blocking, solar heating
and warm advection. ELTDs are associated with radiative cooling, cold advection
and polar air mass intrusions. This connection between extremes and synoptic-scale
atmospheric circulation conditions provides new insight into the mechanisms behind
Mediterranean temperature extremes.

3. Seasonal differences were revealed. Warm period EHTDs are dominated by mid-
tropospheric ridges leading to the occurrence of heatwaves, while cold period EHTDs
involve atmospheric blocking systems favoring the development of heat domes. On
the other hand, warm period ELTDs are characterized by persistent surface cyclonic
systems resulting in cold air advection, while cold period ELTDs are associated with
blocking highs favoring radiative cooling and polar air mass intrusions.

4. A high contrast in the occurrence between the extremes over land and sea was shown.
This is highlighted by the effect of daytime radiative warming (peaking during sum-
mer for EHTDs) and the nighttime radiative cooling (peaking during winter for ELTDs)
which are overlapping with the impact of warm and cold air advection leading to the
appearance of extreme temperature days.

5. All present findings, especially the remarkable statistically significant positive /negative
trends in the number of ETHDs/ELTDs, are in agreement with the recent warming
of the Mediterranean climate attributed to ongoing climate change [5,43]. Compared
with earlier studies, this work utilizes long-term high spatiotemporal resolution reanal-
ysis data covering the entire Mediterranean region for clustering temperature extremes
with the associated synoptic patterns, therefore filling a key knowledge gap and im-
proving the robustness and spatial relevance of temperature extreme classifications.
Future work for further expanding our knowledge of the driving factors of extreme

temperatures will be focused on the following three directions:

L Incorporating additional parameters, such as sea surface temperatures and upper-

air humidity [44,45], to better understand vertical and ocean—atmosphere interac-
tions and their impact on temperature extremes.
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IL. Applying the current clustering methodology to compound events like heatwaves
with drought by utilizing 2 m temperature and precipitation anomalies and involv-
ing local-scale observations and downscaled model data.

ML Investigating the connection between temperature extremes and large-scale atmo-
spheric oscillations (NAO, AO, EA-WR) using correlation and composite analysis
techniques to improve forecasting capabilities and assist in the development of
early warning strategies for Mediterranean climate extremes.

Finally, these findings provide an important baseline for strengthening climate re-
silience and heat adaptation policies across the Mediterranean. By identifying circulation
patterns linked to extreme temperature events and highlighting high-risk regions, this study
offers a framework for creating targeted early warning systems, public health interventions
and long-term urban planning strategies to better protect vulnerable populations in the
face of climate change.
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