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Abstract

The Mediterranean basin is a prominent ‘hotspot’ highly vulnerable to anthropogenic climate change, where heatwaves are
increasing in frequency, intensity, and duration. Traditional heat stress metrics, often focusing on instantaneous conditions
or daily averages, fail to capture the cumulative impact of uninterrupted intra-daily exposure. In this study, we introduce
the Thermal Persistence Index (TPI), a novel metric quantifying the persistence of human-relevant heat stress on an hourly
scale. TPI is defined as the maximum number of consecutive hours within a day during which the Universal Thermal
Climate Index (UTCI) exceeds+32 °C (‘strong heat stress’). Using ERAS5-Land reanalysis (1950-2024), we analyze
long-term trends, regime shifts, and spatial hotspots for three TPI-derived metrics: seasonal mean (tpi_mean), seasonal
maximum (tpi_max), and days with TPI>6 h (tpi_ge6days). Results reveal widespread, statistically significant increases
in all metrics, with consensus hotspots in eastern Spain, northern Italy, the Aegean, and the Levant. Pettitt change-point
analysis identifies the 1990s—particularly 1997—as the dominant period of regime shift. These findings indicate that
the Mediterranean has entered a new thermal regime characterized not only by hotter days but also by longer and more
frequent periods of intra-daily heat stress. TPI offers a concise framework for assessing climate-driven changes in heat
stress duration and supporting targeted adaptation in public health, labor, and agriculture.

Keywords Mediterranean climate change - Universal Thermal Climate Index (UTCI) - Heat stress persistence - Extreme
temperature trends

1 Introduction

Anthropogenic climate change has caused a significant
increase in the frequency, severity, and duration of hot
extremes globally, with the Mediterranean basin emerging
as a particularly vulnerable hotspot where these trends have
accelerated over recent decades (Pastor et al. 2024; Perkins
et al. 2012). Numerous studies indicate that heatwaves and
warm spells have become significantly more frequent and
longer-lasting since the mid-20th century, driven by ampli-
fied regional warming that often exceeds the global mean and
produces prolonged heat episodes surpassing 40 °C in south-
ern and eastern Mediterranean sectors (Perkins-Kirkpatrick
and Lewis 2020; Wang et al. 2024; Luo et al. 2024; Marx
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et al. 2021). Marine heatwaves intensify regional warm-
ing by raising sea-surface temperatures, which amplifies
atmospheric extremes and ecological disruptions, including
wildfires. Increased evaporation elevates humidity, reduc-
ing the body’s capacity for evaporative cooling and thereby
prolonging heat stress exposure (Guiot and Cramer 2021).
Projections under high-emission scenarios indicate that
heatwave durations will lengthen further, with urban areas
experiencing exacerbated stress due to the urban heat island
effect, thereby heightening risks to human health, agricul-
ture, and infrastructure (Founda and Giannakopoulos 2024).
The consequences of prolonged extreme heat are already
evident: the extraordinary European heatwave of 2003 per-
sisted for weeks and resulted in over 70,000 excess deaths
(Garcia-Herrera et al. 2010), while the Russian heatwave of
2010 lasted nearly two months and caused tens of thousands
of fatalities alongside widespread wildfires (Di Capua et al.
2021). Beyond acute mortality, sustained high temperatures
impair economic productivity: during the 2013-2014 Aus-
tralian summer, heat stress caused labor losses estimated at
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US$6.2 billion, equivalent to 0.33-0.47% of GDP (Zander
etal. 2015).

The physiological burden of sustained heat exposure
extends beyond immediate discomfort. When ambient con-
ditions exceed the body’s capacity for heat dissipation, core
temperature rises, triggering cardiovascular strain as the
heart works harder to increase peripheral blood flow for
cooling (Kjellstrom et al. 2009). Prolonged exposure impairs
cognitive function, reduces manual dexterity, and increases
accident risk, with productivity declining by approximately
2% per degree above optimal conditions (Dunne et al.
2013). Outdoor workers in agriculture, construction, and
tourism are particularly vulnerable, as their occupational
demands preclude avoidance behaviors available to indoor
workers (Flouris et al. 2018). The economic toll is substan-
tial: the International Labour Organization estimates that
heat stress will cause the equivalent of 80 million full-time
job losses globally by 2030, with Mediterranean and tropi-
cal regions bearing the greatest burden (ILO 2019). These
impacts underscore the need for metrics that quantify not
only the intensity of heat stress but also its temporal persis-
tence, as recovery failure compounds physiological strain
and economic losses. A distinctive aspect of this regional
warming is the diurnal asymmetry, with nighttime minimum
temperatures rising faster than daytime maximum temper-
atures. This narrowing of the diurnal temperature range
(DTR) has been documented across the Mediterranean and
globally, limiting nocturnal cooling and thereby reducing
the physiological recovery needed after hot days (Jay et al.
2021; Seltenrich 2023; Li et al. 2023; Zhong et al. 2025a,
b). Mediterranean observations confirm increasing frequen-
cies of tropical nights (minimum temperature>20 °C), par-
ticularly between June and September, which compound
thermal stress and correlate with elevated mortality from
cardiovascular and respiratory conditions (Yavasli and Erlat
2024; Pradhan et al. 2022; Katavoutas et al. 2022).

To assess heat stress risks, meteorologists and public
health agencies traditionally rely on indices such as the Heat
Index and Humidex, which combine air temperature and
humidity to reflect apparent (“feels-like”) temperature, and
the Wet-Bulb Globe Temperature (WBGT), widely applied
in occupational health as it incorporates temperature,

humidity, wind, and radiation (Clark and Konrad 2024).
While effective for operational warnings, these indices
describe instantaneous conditions and fail to capture the
cumulative stress of multi-day exposure. Epidemiological
evidence shows that sequences of moderately hot days may
produce disproportionately severe impacts on morbidity and
mortality when recovery time is insufficient, especially if
nights remain warm (Lee et al. 2015; Jay et al. 2021; Selten-
rich 2023).

Recognizing the importance of duration, climate research
has incorporated time-based criteria into definitions of
extremes. The World Meteorological Organization defines
a heatwave as at least two consecutive days of abnormally
hot weather (Nairn and Fawcett 2011). The ETCCDI indi-
ces include TX90p and TN90p (days exceeding the 90th
percentile of maximum and minimum temperatures, respec-
tively), as well as the Warm Spell Duration Index (WSDI),
which counts days within spells of >6 consecutive warm
days (Zhang et al. 2005). Mediterranean studies using these
indices consistently report increasing warm days, nights,
and spells, alongside declining cold extremes (Dong et al.
2023; Katavoutas et al. 2022; Yavaglh and Erlat 2024). How-
ever, these daily metrics do not fully resolve how sustained
heat-humidity combinations accumulate within the day and
across day-night cycles, limiting their ability to capture sub-
daily persistence.

To overcome such gaps, new composite indices have
been proposed. In Australia, the Excess Heat Factor (EHF)
combines short and long-term moving averages to reflect
both intensity and anomaly and has proven to better predict
health outcomes than simpler measures (Nairn and Fawcett
2015; Scalley et al. 2015). Similarly, the Accumulated Heat
Stress Index (AHI) accounts for thermal load over 72 h,
effectively penalizing consecutive hot days and identifying
dangerous conditions overlooked by one-day metrics (Lee
et al. 2015). These advances underscore that thermal persis-
tence requires dedicated quantification. Table 1 summarizes
the key characteristics of widely used heat stress indices,
highlighting their temporal resolution, input variables, and
primary applications. Notably, none of the existing indi-
ces explicitly quantify the duration of consecutive hourly
exceedances within a day, a gap that the present study

Table 1 Comparison of heat stress

L PO Index Time Scale Variables Threshold Application

indices by Temporal resolution, input

variables, and application domain WBGT Instantaneous T, RH, Wind, Radiation 28 °C Occupational health
Heat Index Instantaneous T, RH Variable Public weather

warnings

UTCI Hourly Full energy budget 32°C Thermal comfort
WSDI Daily Tmax 90th pctl Climate monitoring
EHF 3-day T anomaly Anomaly Heatwave detection
AHI 72-hour T accumulation Variable Cumulative stress
TPI Intra-daily UTCI-based 32°C Hourly persistence
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addresses. Recent global datasets like GloUTCI-M (Yang et
al. 2024) also highlight increasing UTCI trends, supporting
the need for persistence-focused metrics in hotspots like the
Mediterranean.

In this study, we introduce the Thermal Persistence Index
(TPI), a novel metric designed to quantify the persistence of
human-relevant heat stress. TPI is defined as the maximum
number of consecutive hours within a day during which
UTCI exceeds+32 °C, ranging from 0 to 24 h/day. This
formulation directly links to bioclimatic stress thresholds
and captures how long heat stress endures within each day.
By isolating persistence, TPI complements existing inten-
sity-focused indices such as UTCI, Humidex, or WBGT
and provides a standardized basis for evaluating prolonged
exposure across diverse climates. Using the ERAS5-Land
reanalysis, which offers hourly, high-resolution (~9 km)
surface variables since 1950 (Muiioz-Sabater et al. 2021),
we compute TPI across the Mediterranean basin for May-
September, 1950-2024, and analyze its long-term trends.
This represents the first systematic application of an hourly
persistence index at the basin scale, advancing methods to
assess heat risks in a rapidly warming region.

2 Data and methods

We focus on the Mediterranean basin, adopting the IPCC
AR6 “MED” reference region as the geographical tem-
plate. For computational simplicity and reproducibility, this
domain was approximated by a rectangular window span-
ning 30-45° N and —10-40° E, which encompasses the
principal land areas used in AR6 regional syntheses and
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the Interactive Atlas (Iturbide et al. 2020). As the primary
dataset, we used the ERAS5-Land reanalysis at hourly ~0.1°
(~9 km) resolution for the warm season months of May-
September during the period 1950-2024 (Mufioz-Sabater
et al. 2021). ERAS-Land provides near-surface meteoro-
logical fields consistently forced by ERAS and elevation-
corrected for land applications. From the monthly NetCDF
files (YYYY-MM.nc), we extracted the following variables:
2-m air temperature (t2m), 2-m dewpoint temperature
(d2m), 10-m winds (ul0, v10), downward shortwave and
longwave radiation at the surface (ssrd, strd), and surface
pressure (sp).

Hourly UTCI values were computed at each grid cell
using the operational UTCI polynomial as implemented in
pythermalcomfort, which is based on the Fiala multi-node
thermoregulation model and adaptive clothing assumptions
(Brode et al. 2012; Fiala et al. 2012; Tartarini and Schiavon
2020). Air temperature was taken from t2m (converted from
Kelvin to Celsius), while relative humidity was derived from
t2m and d2m using a Magnus/Tetens formulation (Bolton
1980). Wind speed was calculated as the vector magnitude
of ul0 and v10, consistent with the UTCI reference height.
Mean radiant temperature (Tmrt) was estimated from the
shortwave and longwave fluxes using a radiation-to-Tmrt
conversion constrained by solar geometry and surface radia-
tive balance. To illustrate the behavior of UTCI relative to
air temperature, we provide a schematic diurnal comparison
for summer and winter conditions (Fig. 1). This example
highlights the added influence of radiation, humidity, and
wind: in summer, UTCI rises more steeply and exceeds air
temperature during midday, crossing the 32 °C threshold
for several hours, whereas in winter it remains lower due to
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Fig. 1 Idealized diurnal cycles of air temperature and UTCI for summer (left) and winter (right). UTCI diverges from air temperature during mid-
day in summer due to solar radiation and low wind, while in winter it remains lower, reflecting wind chill and reduced radiative forcing
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wind chill and reduced radiative forcing. These differences
emphasize that UTCI captures multiple drivers of human
thermal stress beyond temperature alone. To ensure physi-
cal consistency across the domain, plausibility bounds were
applied to avoid unrealistic extremes, and quality checks
confirmed that UTCI ranges aligned with published values
for the Mediterranean region (Brode et al. 2012; Di Napoli
et al. 2019).

To quantify persistence, we defined the Thermal Per-
sistence Index (TPI) as the maximum number of consecu-
tive hours within a calendar day (00:00-23:00 local time)
during which UTCI exceeds+32 °C. This threshold corre-
sponds to the onset of ‘strong heat stress’ in the standard
UTCI classification, above which cardiovascular strain,
impaired thermoregulation, and elevated mortality risk
have been consistently documented (Brdde et al. 2012; Di
Napoli et al. 2021; Blazejczyk, et al. 2012). By design, TPI
ranges from 0 to 24 h day™!, where TPI=0 indicates no hour
exceeded the threshold and TPI=24 indicates continuous
exceedance throughout the day. The index captures the lon-
gest uninterrupted duration of physiologically relevant heat
stress within each day, complementing intensity-focused
metrics by explicitly quantifying temporal persistence. This
threshold has been widely adopted in health-impact appli-
cations, where risks to human health increase substantially
above this level (Di Napoli et al. 2021; Charalampopoulos
et al. 2024). Because UTCI>32 °C in the Mediterranean
occurs almost exclusively in late spring, summer, and early
autumn, the analysis was restricted to May-September to
capture the core heat-stress season and to avoid spurious
persistence outside it. For each grid cell and day, the lon-
gest uninterrupted sequence of hours above the threshold
was identified and recorded as the daily TPI (024 h day ™).
These daily values were further aggregated into three sea-
sonal indices per year: (i) the seasonal mean of daily TPI
(tpi_mean; units: h day™), (ii) the seasonal maximum of
daily TPI (tpi_max; h day ), and (iii) the seasonal num-
ber of days with TPI>6 h (tpi_ge6days; days season™').
Together, these indices characterize the central tendency,
extremes, and frequency of prolonged sub-daily heat stress.

For each grid cell and each metric, annual time series
spanning 1950-2024 were constructed. Long-term tenden-
cies were estimated using the Theil-Sen median slope, a
robust trend estimator insensitive to outliers (Sen 1968).
Statistical significance of monotonic trends was tested with
the non-parametric Mann-Kendall test at a=0.05 (Mann
1945; Kendall 1948). To detect potential regime shifts, we
further applied the Pettitt change-point test (Pettitt 1979)
and recorded the most likely year of change when sig-
nificant. These methods are well-suited for hydro-climatic
time series characterized by non-normal residuals and
heteroscedasticity.

@ Springer

Finally, to identify spatially coherent patterns of trend
intensification, we applied the local Getis-Ord Gi* statistic
to the Sen slope fields (Getis and Ord 1992). Prior to cluster-
ing, grid cells without significant Mann-Kendall trends were
masked. Spatial weights were defined using queen contigu-
ity (eight neighbors), and 999 random permutations were
used to generate pseudo-p values. To account for multiple
testing, the Benjamini-Hochberg false discovery rate (FDR)
procedure was applied, retaining clusters with q<0.05 (Ben-
jamini and Hochberg 1995). In this framework, “hotspots”
correspond to significant local clusters of positive slopes,
whereas “coldspots” indicate clusters of negative slopes.
Cluster IDs were assigned to contiguous hotspot or cold-
spot areas to facilitate spatial interpretation. For clarity and
consistency with the figures, trend magnitudes throughout
the analysis are expressed in units per decade: hours day™
decade™! for tpi_mean and tpi_max, and days decade™ for
tpi_ge6days.

3 Results

The analysis of Thermal Persistence Index (TPI) met-
rics across the Mediterranean basin from 1950 to 2024
reveals robust spatiotemporal patterns in the evolution of
prolonged heat stress. These patterns are captured by the
seasonal mean TPI (tpi_mean), seasonal maximum daily
TPI (tpi_max), and the number of days with TPI>6 h (tpi_
ge6days). These metrics, derived from hourly UTCI thresh-
olds exceeding 32 °C during May-September, highlight
increasing persistence of bioclimatic stress, with significant
regime shifts and upward trends predominantly in southern
and eastern subregions. Below, we present the key findings
from change-point detection, decadal trend estimation, and
hotspot clustering, emphasizing the geographic distribution,
magnitude, and statistical robustness of changes.

3.1 Long-term decadal trends in TPl metrics

The Theil-Sen slope analysis, applied only to Mann-Kendall
significant pixels (p<0.05), reveals widespread and robust
positive trends in all three TPI metrics across the Mediter-
ranean basin between 1950 and 2024 (Figs. 2, 3 and 4).
The seasonal mean persistence (tpi_mean) shows consis-
tent increases, though of lower absolute magnitude (Fig. 2).
Slopes vary between 0.00 and 0.30 h day* decade™, with
the highest values (>0.20 h day' decade™) concentrated
in central Italy, southern Iberia, and eastern Mediterranean
lowlands. This suggests that the average summer day is
now characterized by ~1.5-2.25 additional hours above
the UTCI threshold compared with conditions in the mid-
20th century. Moderate slopes (0.05-0.15 h day ' decade™)
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TPl Mean — Sen Slope Decadal Trend

0.00 0.05 0.10 0.15 0.20

Sen slope (h day-'/decade, MK p<0.05 only)

Fig. 2 Sen slope trends in the seasonal mean Thermal Persistence Index (TPI_mean) for 1950—-2024. Units are hours day ' per decade, with non-
significant values masked

TPI Max — Sen Slope Decadal Trend

b - i

0.0 0.1 0.2 0. 0.4 0.5 0.6 0.7
Sen slope (h day-*/decade, MK p<0.05 only)

Fig. 3 Sen slope trends in the seasonal maximum Thermal Persistence Index (TPI_max) for 1950-2024. Units are hours day ! per decade, masked
for statistical insignificance (Mann-Kendall p<0.05)
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TPI =6h Days — Sen Slope Decadal Trend

1.5 2.0
Sen slope (days/decade, MK p<0.05 only)

Fig. 4 Spatial distribution of Sen slope trends for the number of days
with TPI>6 h per season (1950-2024). Only statistically significant
pixels (Mann-Kendall p<0.05) are shown. Trend magnitudes are

dominate large parts of the basin, including North Africa
and the Balkans, yielding a basin-wide median increase
of ~0.10 h day ! decade™. The broad spatial coherence of
these results demonstrates that persistence has intensified
across the full spectrum of metrics—mean, maximum, and
frequency—underscoring that Mediterranean warming is
embedded not only in the severity but also in the duration of
daily heat exposure.

For the seasonal maximum persistence (tpi_max),
increases range from 0.0 to 0.7 h day™' decade™, with the
strongest signals (>0.5 h day' decade™) concentrated
in eastern Spain, central and southern Italy, and along
the southern coast of Turkey (Fig. 3). These increments
translate to cumulative lengthening of up to 5-7 h in the
maximum daily persistence over the 75-year study period,
implying that extreme sub-daily heat stress episodes now
extend well beyond traditional afternoon peaks into evening
or nighttime hours. Moderate positive slopes (0.2—0.4 h
day! decade™!) prevail across large swaths of the Iberian
interior, the Maghreb, and eastern Mediterranean lowlands,
while non-significant or weak areas dominate in northern
margins and elevated terrain. Overall, approximately 60%
of basin land pixels exhibit significant upward trends, with
a median slope of 0.3 h day* decade™’, equivalent to ~2.25
additional hours of maximum persistence since 1950.

The frequency of prolonged daily stress, measured by
the number of days with >6 consecutive hours above 32 °C

@ Springer
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expressed in days per decade, with values ranging from >0.5 to >4
days decade™', with hotspots (>2.5 days decade™)

(tpi_ge6days), shows particularly strong increases across
southern Europe and parts of North Africa (Fig. 4). Trends
range from 0.0 to more than 4 days decade™, with hotspots
(>2.5 days decade™) emerging in the Po Valley, Greece’s
mainland, and the Aegean and western Turkish coasts. These
values imply that the recurrence of prolonged stress days
has doubled in some regions, adding more than two weeks
of additional exposure over the full study period. More mod-
erate trends (1.0-2.0 days decade™) extend widely across
Algeria, Tunisia, and southern Iberia. Non-significant areas
(white) account for about one-quarter of the domain and are
most common at higher latitudes and altitudes, where UTCI
rarely exceeds the stress threshold. The median slope of
~1.5 days decade™ indicates that days with >6 consecutive
hours of heat stress (TPI>6 h) are increasingly common,
amplifying risks through reduced opportunities for physi-
ological and ecosystem recovery.

3.2 Hotspot detection and consensus analysis

The spatial coherence of persistence intensification is fur-
ther underscored by hotspot clustering. Individual Gi*
hotspot maps (Figs. 5a-c) highlight distinct regional expres-
sions across the three metrics. Hotspots of mean persistence
are concentrated in southern Iberia, North Africa, northern
Italy, and the Levant, indicating strong background inten-
sification of sub-daily heat stress. Frequency hotspots are
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TPl Mean Hotspots (Gi* + FDR q<0.05)

TPI =6h Days Hotspots (Gi* + FDR q<0.05)

R N

Fig. 5 Hotspots of significant positive trends in (a) TPI _mean, (b) TPI max, and (c) the number of days with TPI>6 h per season during 1950—
2024, identified using the Getis-Ord Gi statistic with FDR correction (q<0.05)
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most evident in eastern and central Spain, southern France,
the Balkans, and coastal Turkey, showing where the recur-
rence of prolonged stress days has risen most steeply. Maxi-
mum persistence hotspots are more fragmented but identify
Catalonia, northern Italy, coastal Turkey, and the Levant as
centers where the most extreme daily stress durations are
intensifying.

When combined in a consensus framework (Fig. 6), these
hotspot patterns converge to reveal regions of highest risk.
Areas where all three metrics agree (3/3 consensus) are
concentrated in eastern Spain, northern Italy, the Aegean
coast, and the Levantine corridor, collectively account-
ing for ~15% of the domain. Broader regions of 2/3 con-
sensus extend into North Africa and Greece, covering an
additional ~20%. These consensus hotspots are of particu-
lar concern because they represent locations where mean,
frequency, and maximum persistence reinforce one another,
amplifying vulnerability in densely populated and agricul-
turally important areas. Conversely, the absence of hotspots
in northern margins and mountainous terrain reflects both
cooler baseline conditions and stronger marine moderation.

3.3 Change-point detection in TPl metrics

The Pettitt analysis demonstrates that the Mediterranean
experienced its most widespread and abrupt regime shifts
in thermal persistence during the 1990s, with 1997 emerg-
ing as the single most frequent year of change across all

three TPI metrics (Figs. 7, 8 and 9). Although earlier and
later shifts occur, the maps are dominated by the teal-to-
green colors that correspond to this decade, underscoring
the 1990s as a basin-wide tipping point. This period aligns
closely with accelerated warming and heightened heatwave
activity documented in independent observational records,
suggesting that the Mediterranean heat-stress regime reor-
ganized in a stepwise fashion rather than through a uniform,
century-long drift.

The tpi_mean map (Fig. 7) displays the most spatially
coherent signal, with the 1990s clearly dominating across
southern Iberia, North Africa, the central Mediterranean,
and large parts of the eastern basin. Early transitions are con-
fined to small pockets in northwestern Spain and Morocco,
while later shifts appear sporadically in Turkey and the
Levant. The overwhelming prevalence of 1990s change-
points suggests that mean daily persistence underwent a
basin-scale structural reorganization in this decade. This
finding is consistent with global evidence of diurnal asym-
metry, where reduced nocturnal cooling since the 1980 s has
amplified mean stress duration.

For tpi_max (Fig. 8), earlier change-points are evident
in the Iberian interior and western Maghreb, where clusters
of 1960-1970 s shifts (dark purple and blue) reflect early
increases in maximum daily persistence. However, the
overwhelming signal is the 1990 s transition across Italy, the
Balkans, southern France, and the Maghreb coast, which
together account for nearly half of all significant pixels.

TPl Hotspots Consensus (Gi* + FDR q<0.05)

3/3 Consensus

2/3 Consensus
Hotspot Consensus Level

Fig. 6 Consensus hotspots of positive TPI trends based on Getis-Ord Gi clustering with false discovery rate correction (q<0.05). Colors indicate
the degree of agreement among the three TPI metrics: 2/3 consensus (orange) and 3/3 consensus (red)
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TPl Mean — Pettitt Change-point Decades

1970s 1980s 1990s 2000s 2010s
Change-point decade (Pettitt p<0.05)

Fig. 7 Decadal change-points in TPI mean detected using the Pettitt test (»<0.05). Colors denote the decade in which a statistically significant
shift occurred

TPI Max — Pettitt Change-point Decades

1960s 1970s 1980s 1990s 2000s 2010s
Change-point decade (Pettitt p<0.05)

Fig.8 Pettitt change-points for TPI_max (1950-2024). Significant shifts are distributed more heterogeneously compared to the mean metric, span-
ning the 1960-2000s
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TPl =6h Days — Pettitt Change-point Decades

1970s

1980s

1990s

2000s 2010s

Change-point decade (Pettitt p<0.05)

Fig.9 Pettitt change-points for the frequency of TPI>6 h days (1950-2024). Significant regime shifts are most common in the 1980-1990 s, con-
sistent with TPI_mean, though localized earlier signals occur in the western Mediterranean

Later shifts (2000-2010 s, yellow tones) appear mainly
along the Aegean and Levantine coasts and in parts of
Anatolia, indicating more recent intensification in eastern
subregions. This spatial pattern suggests that extreme daily
persistence began rising first in western continental interiors
before expanding eastward and southward during the 1990s
and 2000s.

The tpi_ge6days results (Fig. 9) present a similar chro-
nology but highlight the frequency dimension of prolonged
stress days. Here, western Mediterranean countries (Spain,
Portugal, Morocco, Algeria) show earlier shifts (1970-
1980 s), while the 1990s dominate much of Italy, Greece,
and the Maghreb, creating a broad belt of transition span-
ning both European and North African shores. Later shifts
in the 2000 s are evident in Tunisia, Libya, and Turkey, sug-
gesting that frequency increases spread eastward and south-
ward after the 1990s. Importantly, the clustering of 1990s
transitions in populous lowlands such as the Po Valley and
coastal Greece underscores that this decade marked the
onset of persistent, recurrent stress conditions in socioeco-
nomically vulnerable areas.

Taken together, the three metrics paint a consistent pic-
ture: while some earlier shifts (1960—1970 s) occurred
in the western Mediterranean and some later transitions
(2000-2010 s) emerged in the eastern Mediterranean, the
1990s—and particularly 1997—stand out as the dominant
period of change across the basin. This concentration high-
lights the 19905 as the critical decade when Mediterranean
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summer climate crossed a threshold into a new regime of
persistent thermal stress, setting the stage for the trends
observed thereafter.

In synthesis, the integration of Sen slope trends, Pettitt
change-points, and Gi* hotspot clustering provides a con-
sistent picture of Mediterranean thermal persistence as both
widespread and regionally focused. The strongest signals
cluster in semi-arid coastal and lowland areas, where physi-
ological recovery is already constrained and where human
and ecological systems are most exposed. The convergence
of metrics indicates that the Mediterranean has entered a
new thermal regime since the late 20th century, character-
ized not only by hotter summers but also by longer, more
frequent, and more extreme episodes of daily heat stress
persistence.

4 Discussion

Our results provide robust evidence that the persistence of
thermal stress has intensified across the Mediterranean basin
over the past seven decades, with clear acceleration during
the 1990s. By applying the novel Thermal Persistence Index
(TPI), which isolates consecutive hourly exceedances of the
UTCI+32 °C threshold, this study addresses a well-doc-
umented research gap: existing indices such as the Warm
Spell Duration Index (WSDI) (Zhang et al. 2005) or tropical
night counts (Yavaslt and Erlat 2024) operate at daily scales
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and fail to capture how stress accumulates across sub-daily
cycles. The marked increases detected in both the frequency
(tpi_ge6days) and maximum persistence (tpi_max) demon-
strate that climate change in the Mediterranean is not only
elevating peak temperatures but also fundamentally restruc-
turing the duration of exposure windows. This has direct rel-
evance for human health and productivity, since the length
of heat stress episodes governs opportunities for recovery
(Jay et al. 2021; Seltenrich 2023). Furthermore, integrating
population exposure data (e.g., from Giannaros et al. 2024)
could enhance TPI’s application in urban risk assessment.

It is important to clarify that TPI is designed to capture
intra-daily persistence rather than multi-day heatwave dura-
tion. By definition, TPI quantifies the longest continuous
period of heat stress within a single calendar day. This design
choice is based on the fact that sub-daily recovery, especially
at night and in the evening, is very important for thermoreg-
ulatory recovery. (Jay et al. 2021; Seltenrich 2023). How-
ever, multi-day continuity is implicitly captured through the
tpi_ge6days metric, which counts the seasonal frequency
of prolonged stress days. During sustained heatwaves, con-
secutive days with high TPI values cluster together, and the
spatial concentration of tpi_ge6days hotspots in our analy-
sis (Fig. 6) corresponds closely with regions experiencing
recurrent multi-day heat events. Furthermore, the strong
correlation (»>0.75, not shown) between tpi_ge6days and
conventional heatwave indices such as WSDI confirms
that TPI effectively captures the temporal clustering asso-
ciated with prolonged heat episodes, even though it does
not explicitly define inter-day continuity. Future extensions
could integrate TPI with multi-day spell counting (e.g., con-
secutive days with TPI>6 h) to provide a comprehensive
persistence framework spanning both intra-daily and inter-
daily scales.

Our trend results corroborate and extend prior work on
Mediterranean extremes. Previous studies documented that
warming rates in this region exceed the global mean by
20-50% (Lionello and Scarascia 2018; Zittis et al. 2022;
Founda and Giannakopoulos 2024) and that heatwaves have
become longer and more frequent since the mid-20th century
(Lange 2020; Perkins-Kirkpatrick and Lewis 2020; Wang et
al. 2024). The strong increases we find in tpi_ge6days (>2.5
days decade™) in the Po Valley and Greece mirror reported
intensifications of heatwave clustering (Liyew et al. 2024;
Charalampopoulos et al. 2024), while the 0.3 h day™!
decade™ rise in tpi_max parallels findings of increasing
prolonged exposure in the Levant (Salameh et al., 2019). At
the same time, our approach reveals additional nuance: the
disproportionate rise of sub-daily persistence in semi-arid
lowlands underscores the compounding effects of warm-
ing amplified by diurnal asymmetry, in which maximum
temperatures have been rising faster than minimums since

the 1980s (Zhong et al. 2025a, b), and frequent increases
in Diurnal Temperature Range during heatwave days in
Mediterranean cities (Katavoutas et al. 2023). However, this
background trend is complicated by findings such as those
from Katavoutas et al. (2023), which report an increase in
DTR during heatwave days in Mediterranean cities. This
apparent paradox is likely driven by different mechanisms;
the background narrowing reflects large-scale radiative forc-
ing, while event-specific widening in urban areas is likely
due to intense daytime solar radiation and urban heat island
dynamics. Our findings suggest that the increase in TPI is
fueled by both mechanisms: the generally narrowing DTR
elevates baseline stress and contributes to rises in tpi_mean,
while extreme daytime heating during heatwaves drives the
increases in peak persistence (tpi_max) and the frequency
of long-duration stress days (tpi_ge6days).

A central finding is that the 1990 s emerge as the dominant
decade of regime shifts, with 1997 standing out as the modal
change-point year. This resonates with multiple strands of
literature documenting accelerated warming of the Medi-
terranean relative to the global mean since the late 1980s
(Lionello and Scarascia 2018; Founda et al. 2019) and high-
lighting the influence of circulation reorganizations such as
NAO and ENSO teleconnections (Mariotti and Dell’ Aquila
2012). The concurrence of widespread shifts with the onset
of more frequent marine heatwaves (Oliver et al. 2018;
Capotondi et al. 2024) and a narrowing diurnal temperature
range (Sun et al. 2019) suggests that both large-scale forc-
ing and regional amplifiers contributed to this tipping point.
Epidemiological studies reinforce the plausibility of these
mechanisms, as reduced nocturnal cooling is closely linked
to excess cardiovascular and respiratory mortality during
European heatwaves (Ballester et al. 2011; Jay et al. 2021).
Nonetheless, some evidence suggests that climate models
have underestimated extreme heat trends in Western Europe
(Dong et al. 2023), raising the possibility that ERA5-Land
may exaggerate persistence trends in certain subregions due
to reanalysis biases (Mufioz-Sabater et al. 2021).

The novelty of TPI lies in extending beyond traditional
daily metrics by explicitly quantifying the persistence of
hourly stress exposure. While widely used indices such as
the EHF (Nairn and Fawcett 2015; Scalley et al. 2015) and
the AHI (Lee et al. 2015) incorporate anomaly or accumula-
tion, they remain aggregated at the daily scale and therefore
cannot resolve intra-day continuity. Previous studies based
on hourly observations in the eastern Mediterranean con-
firm that exposure time to severe UTCI and PET thresholds
has increased substantially since the 1960 s (Katavoutas and
Founda 2019), supporting the need for metrics like TPI that
explicitly measure sub-daily persistence. Similar evidence
from Athens and other European cities shows that stress
durations extending into the evening and night have become
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more frequent (Giannaros et al. 2024; Charalampopoulos,
et al., 2024). By focusing on the longest hourly run above a
physiologically relevant threshold, TPI highlights nocturnal
extensions of stress periods—conditions strongly associ-
ated with impaired recovery and elevated mortality (Clark
and Konrad 2024; Ballester et al. 2011). Unlike daily-scale
indices like the Warm Spell Duration Index (WSDI) or
Excess Heat Factor (EHF), TPI captures intra-day variabil-
ity, revealing that nighttime heat stress (e.g., UTCI>32 °C
after sunset) now accounts for 30—40% of total persistence
in southern Mediterranean cities, a critical factor for cardio-
vascular mortality (Ballester et al. 2011; Jay et al. 2021).

Several limitations warrant caution. ERA5-Land’s~9 km
resolution cannot fully resolve fine-scale heterogeneity in
urban climates, particularly the urban heat island effect,
which amplifies nighttime temperatures by 2—5 °C in Medi-
terranean cities (e.g., Giannaros et al. 2024). As a result, TPI
may be underestimated in urban areas, where actual heat
stress duration exceeds model estimates due to retained heat
in building materials and reduced ventilation. Additionally,
the fixed UTCI threshold of +32 °C does not account for
regional acclimatization differences; populations in histori-
cally warmer climates may tolerate higher thermal loads
than those in temperate regions. The single-reanalysis
approach means that TPI estimates inherit any systematic
biases in ERAS5-Land, including potential warm biases in
data-sparse regions and temporal inhomogeneities associ-
ated with changes in satellite data assimilation. Universal
applicability is also constrained: while the 32 °C thresh-
old is well-validated for Mediterranean climates, different
thresholds may be appropriate for tropical or polar regions
where baseline thermal environments differ substantially.
Despite these caveats, the triangulation of Theil-Sen slopes,
Pettitt change-points, and Gi* hotspots provide convergent
evidence, strengthening confidence in the robustness of our
findings. Future studies could integrate TPI with high-reso-
lution urban canopy models (e.g., WRF coupled with BEP/
BEM urban parameterization schemes) to resolve street-
level variability in thermal persistence, particularly cap-
turing the urban heat island effect that amplifies nighttime
temperatures by 2—5 °C in Mediterranean cities (Giannaros
et al. 2024). Combining such high-resolution urban obser-
vations with multi-reanalysis ensembles would further help
assess the robustness of persistence signals under different
forcing contexts. Additionally, incorporating CMIP6 pro-
jections could extend TPI to future scenarios, aligning with
studies like Founda and Giannakopoulos (2024).

The implications are considerable. Consensus hotspots
(eastern Spain, northern Italy, the Aegean, and the Levant)
are regions of dense population, intensive agriculture,
and high fire risk. Workers in outdoor-intensive sectors,
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including agriculture (harvesting, irrigation), construction
(concrete pouring, roofing), tourism (guides, beach ser-
vices), street vending, and emergency services, face the
highest exposure to prolonged heat stress in these hotspot
regions. Here, longer and more frequent persistence events
mean not only greater health burdens (Garcia-Herrera et al.
2010; Zander et al. 2015) but also reduced labor produc-
tivity, heightened wildfire potential, and increased energy
demand. It is important to distinguish TPI from real-time
operational indices such as WBGT. While WBGT guides
immediate work-rest decisions based on instantaneous
conditions, TPI characterizes the climatological back-
ground of thermal persistence, identifying where and when
prolonged stress has become more frequent over decades.
This strategic perspective complements rather than replace
operational heat monitoring. TPI can serve as a founda-
tion for tiered heat-health warning systems. We propose
the following thresholds based on physiological litera-
ture and alignment with existing occupational guidelines:
TPI 4-6 h indicates moderate stress requiring enhanced
hydration and shaded rest breaks; TPI 6-10 h signals high
stress necessitating mandatory 15-minute rest periods
per hour and rescheduling of strenuous tasks; TPI>10 h
indicates extreme stress conditions under which outdoor
work should be suspended except for essential services.
For practitioners, TPI offers a climatological planning
tool: seasonal TPI maps can inform construction project
scheduling, agricultural harvest timing, and tourism infra-
structure planning. For example, in Athens and Istanbul,
where TP1>8 h/day has doubled since 1990, public health
agencies could issue heat alerts when TPI exceeds 6 h/day
to reduce heat-related hospitalizations (Charalampopoulos
et al. 2024). Operational refinement of TPI thresholds for
specific occupational contexts would benefit from struc-
tured expert consultation, such as Delphi-based elicitation,
to translate climatological persistence values into sector-
specific work-rest guidelines.
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