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Abstract: Extreme heat events pose significant socio-ecological risks across the 
Mediterranean region, with Italy being particularly vulnerable due to its complex 
topographies, microclimates, and non-stationary land surface temperature (LST) 
patterns driven by accelerating climate change. To overcome the limitations of fixed 
baseline thermal monitoring in non-stationary thermal environments, this study 
applies the Robust Satellite Technique (RST) to a 26-year record (2000–2025) of 
Moderate Resolution Imaging Spectroradiometer (MODIS) Terra daytime LST 
data to systematically detect and characterize extreme heat events across Italy. By 
deploying a leave-one-out baseline climatology and multi-criteria event definitions 
(ΩSAT ≥ 2.0, minimum 3-day duration, and ≥10% spatial coverage), we isolate 
thermal anomalies while excluding seismically active years (2008, 2009, 2013) that 
corrupt baseline statistics. Validation against major historical heat waves (2003, 
2017, 2021) confirms that the framework reliably captures regional heat footprints, 
showing peak cumulative heat wave frequency concentrated across the Po Valley, 
southern Alpine foothills, and the Adriatic coastal corridor. Analysis of peak spatial 
events shows that while extreme anomalies can extend into spring (e.g., March 
2001, covering 43% of land area) vulnerability remains most acute during summer. 
Although national seasonal mean anomalies display no statistically significant trend 
due to high interannual variability, pixel-wise trend analysis uncovers a localized 
July warming hotspot (Sen slope ൐ ൅0.03 ΩSAT yearିଵ, 𝑝 ൑ 0.05) across 8.0% of 
land pixels, heavily centered in the northeastern Po Valley. These findings highlight 
the strength of high-quality satellite remote sensing in delineating non-stationary 
sub-regional heat vulnerability and guiding targeted climate adaptation strategies 
across heterogeneous landscapes.  

 Keywords: extreme heat events; land surface temperature; robust satellite technique; 
thermal anomalies 

1. Introduction 

The frequency and intensity of extreme heat events have increased across Europe, causing a big threat to 
public health, agricultural yield, and ecosystem stability [1,2]. As anthropogenic climate change accelerates, 
Mediterranean heatwaves are becoming more frequent, longer-lasting, and geographically widespread, severely 
straining energy grids, water resources, and urban infrastructure [3]. Italy is particularly vulnerable to natural 
hazards and extreme phenomena, which are mostly temperature extremes, due to the geographical location of the 
country and the complex topography, as it is in the Mediterranean Basin, which permits heterogeneous 
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microclimatic conditions in the peninsula [4,5]. Over recent decades, the Italian peninsula has endured recurrent, 
severe heatwaves—most notably the historical events of 2003, 2017, and 2021—which resulted in acute heat-
related mortality, severe soil moisture deficits, and major economic losses in agricultural sectors [6]. These 
compound hazards demonstrate that extreme thermal events are not merely uniform regional phenomena, but 
spatially variable hazards that interact directly with local terrain, land cover, and surface energy dynamics. The 
increasing recurrence and spatial expansion of these thermal extremes underscore the urgent need for high-
resolution monitoring frameworks and spatial hazard mapping capabilities [7,8]. 

Ground-based conventional meteorological networks, although producing high temporal resolution data, are 
usually marred by spatial heterogeneity and sparse coverage, particularly over mountainous or remote regions [9]. 
As technology progresses in satellite remote sensing, spaceborne remote sensing is a valuable ancillary tool to 
ground-based measurements for observing land surface temperature (LST) variability at regional and continental 
scales [5,10]. Unlike point-based station measurements, spaceborne thermal infrared sensors provide continuous, 
spatially explicit observations of land surface temperature (LST), which reflects the direct radiative surface energy 
balance and serves as a key indicator of localized heat stress. 

In particular, the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard the NASA Terra and 
Aqua satellites has been particularly suited to LST monitoring due to its provision of near-global coverage with 
high radiometric accuracy and temporal repetition since 2000, enabling long-term spatiotemporal analysis of land 
surface thermal dynamics at a 1 km spatial resolution [11]. 

The satellite observation and measurement of temperature anomalies are nowadays very trendy in various 
applications like climate change, agricultural monitoring, and natural hazard exploration [12,13]. 

Several algorithms have been developed to translate raw satellite observations into interpretable geophysical 
information. One of these is Robust Satellite Technique (RST), a change detection approach that identifies signals 
departing significantly from a long-term baseline computed from the same location, time of year, and observation 
conditions [14,15]. This approach utilizes statistical processing of multi-temporal satellite data to calculate 
standardized anomaly indices, enabling the identification of anomalous events that exceed historical means. 

There have been recent achievements in the application of satellite-based anomaly detection techniques to 
investigate many phenomena, including pre-seismic thermal anomalies [16,17], oil spill detections [18] and the 
more recent studies on greenhouse gas anomalies [19]. Meanwhile, large-scale, long-term investigations of 
extreme heat events by Robust Satellite Technique (RST) methodology remain rare, particularly across the 
complicated terrain of Mediterranean nations like Italy, where heterogeneous land cover types pose unique 
challenges to thermal remote sensing. 

Land surface temperature (LST) exhibits complex, non-stationary spatial and temporal patterns driven by 
ongoing climate change, localized surface-atmosphere feedbacks, and heterogeneous land cover dynamics. 
Existing thermal anomaly studies frequently rely on fixed historical baselines or static thresholds, which fail to 
account for these evolving, non-stationary thermal environments. Over multi-decadal time series undergoing 
secular warming, static baselines systematically introduce biases, either overestimating anomaly magnitudes in 
warmer recent years or failing to isolate transient meteorological heat stress from background climate trends. To 
address these critical research gaps, there is a strong motivation to adopt satellite remote sensing techniques that 
can handle dynamic surface conditions. Specifically, the Robust Satellite Technique (RST) establishes dynamic, 
spatially and temporally invariant baseline distributions (μ and σ) calculated over multi-year reference pools. By 
dynamically adjusting to local climatological backgrounds, RST effectively isolates true extreme heat anomalies 
from non-stationary background warming and localized microclimatic noise across heterogeneous topographies. 

To address these gaps the primary objectives of this research are (1) to identify and characterize extreme heat 
events in Italy using RST anomaly detection over a 26-year record (2000–2025), (2) to analyze the spatiotemporal 
temperature anomaly distribution patterns across Italy’s distinct topographies, and (3) to evaluate the feasibility of 
satellite-based approaches for operational heat event monitoring under ongoing background warming. The results 
will contribute to a greater understanding of Italian extreme temperature regimes and provide valuable 
observational evidence toward adaptation measures, public health policy, and agricultural planning. 

2. Data and Method 

2.1. Data 

The study area (Italy), as seen in Figure 1, has a diverse landscape—ranging from low-lying alluvial basins 
like the Po Plain to elevated Alpine and Apennine Mountain chains—that creates complex surface-atmosphere 
interactions that yield distinct local microclimatic responses during extreme synoptic heat events. This study uses 
daily daytime land surface temperature (LST) retrieved from the Moderate Resolution Imaging Spectroradiometer 
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(MODIS) Terra satellite, specifically the MOD11A1 Version 6.1 product [20]. The Terra platform has been in 
continuous operation since its launch in December 1999, providing an uninterrupted daily LST record at 1 km 
spatial resolution from 24 February 2000 to the present. Version 6.1 was adopted exclusively because its 
predecessor, Version 6, was discontinued on 16 November 2022 following data loss associated with Terra’s 
constellation exit maneuvers, rendering it unsuitable for analyses extending beyond that date. All data acquisition 
and preprocessing were performed within the Google Earth Engine (GEE) cloud computing platform [21] which 
provides direct access to the full MODIS archive without the need to download or locally store the raw imagery. 

 

Figure 1. Topographic map of Italy displaying the digital elevation model (DEM) and the locations of major urban centers. 

The study domain covers the Italian peninsula, bounded by 6–19° E and 36–48° N, a region of considerable 
climatological diversity spanning continental northern Italy to the semi-arid Mediterranean south. The analysis 
period runs from 2000 to 2025, representing the full available MODIS Terra record. Three years—2008, 2009, 
and 2013—were excluded from both the reference climatology and the study period. These years coincide with 
major seismic sequences in the central Apennines, including the L’Aquila (April 2009) alongside the Tuscany 
(June 2013) and Lazio (February 2013) events, during which thermally anomalous signals detected in satellite 
imagery have been attributed to seismic precursory processes rather than atmospheric heating [14,15]. Retaining 
these years would inflate the baseline mean and standard deviation, systematically suppressing anomaly 
magnitudes in unaffected years and introducing a source of bias that cannot be corrected post hoc. The resulting 
dataset comprises 23 valid study years. 

Seasonal coverage was restricted to five periods: boreal spring (MAM: March–May), June, July, August, and 
boreal autumn (SON: September–November). June, July, and August were treated as individual monthly units 
rather than aggregated into a single summer season, following the approach of Perkins and Alexander [22], which 
preserves intra-summer variability in anomaly detection. Together, these seasons contribute 275 days per year. 
The degree to which cloud cover and QC masking affect data availability across seasons and years is illustrated in 
Figure 2, which shows the mean percentage of missing land-surface pixels per season for each study year. As 
expected, summer months (Jun–Aug) consistently exhibit the lowest missing-data fractions over Italy, confirming 
their suitability as the primary period for heatwave analysis. 
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Figure 2. Mean percentage of missing land-surface pixels (LST band) per season per year over Italy (2000–2025). 
Green indicates low cloud cover; red indicates high cloud cover. Years 2008, 2009, and 2013 are excluded. 

2.2. Methodology 

LST quality control and preprocessing. Raw LST digital numbers were converted to Kelvin using the 
documented scale factor of 0.02. Each daily image was subjected to a two-stage quality mask prior to use. Bits 0–1 
of the QC_Day bands were evaluated: pixels flagged as cloud-contaminated (value 10) or otherwise not produced 
(value 11) were discarded, while pixels classified as good quality (00) or acceptable quality (01) were retained. A 
physical range filter then removed any pixel outside 200–350 K to eliminate residual fill values and detector artifacts. 

RST anomaly index. Anomalous thermal conditions were quantified using the Robust Satellite Technique 
(RST), originally proposed by Tramutoli [23] and subsequently formalized for hazard monitoring applications [24]. 
RST expresses each observation as a standardized departure from a location- and time-specific reference 
distribution. The ΩSAT anomaly index for pixel location (x, y) on calendar day t is Ωୗ୅୘ሺ𝑥,𝑦, 𝑡 ሻ  ൌ LSTሺ𝑥,𝑦, 𝑡 ሻ െ 𝜇ሺ𝑥,𝑦, 𝑡 ሻσሺ𝑥,𝑦, 𝑡 ሻ  

where μ and σ are the pixel-wise long-term mean and standard deviation of LST over the reference period, x, y, t 
are coordinate arguments specifying where the calculation is taking place. ΩSAT is dimensionless and interpretable 
as a z-score: values exceeding +2 indicate a moderate positive anomaly, +2.5 a strong anomaly, and +3 an extreme 
anomaly relative to the local climatological background. 

Baseline climatology. A leave-one-out design was adopted: for study year Y, the reference pool includes all 
years in the record except Y itself and the three seismically contaminated years, yielding a consistent baseline of 22 
years for every study year. For each target calendar day, the reference pool was extended to include all cloud-free 
MODIS observations within a symmetric ±7-day window, the standard interval recommended by Tramutoli [24] and 
applied in recent RST validations [25]. For summer months over Italian land surfaces, this yields approximately 
100–200 valid observations per pixel per baseline day—well above the minimum of 30 required for robust z-score 
estimation [25]. Pixel-wise μ and σ were computed using a combined GEE reducer applied to the pooled baseline 
image collection. A regularization constant ε = 0.1 K was added to σ to prevent division by zero in pixels with 
negligible thermal variability. Pixels with fewer than ten valid baseline observations were subsequently masked 
as statistically unreliable. 

Heat wave detection. A heat wave event was defined as any period satisfying three simultaneous criteria 
considered in tandem with Perkins and Alexander [22] and Fischer and Schär [3]: Firstly, ΩSAT ≥ 2.0 at each pixel 
on each qualifying day; secondly, the intensity criterion must hold for at least three consecutive days; and thirdly 
at least 10% of valid Italian land pixels must simultaneously satisfy first and second criterion. The three-day 
duration threshold is the standard minimum for a regional heat wave [22], while the 10% spatial extent criterion 
distinguishes regional events—affecting roughly 30,000 km2 or more—from localized anomalies confined to a 
single climate zone or topographic setting, consistent with the spatial framing of Fischer and Schär [3]. 

Trend analysis. Long-term trends in seasonal mean ΩSAT and annual heat wave frequency were assessed using 
the non-parametric Mann–Kendall test at the α = 0.05 significance level, with trend magnitudes estimated by the 
Theil–Sen slope estimator [26], which is robust to outliers and non-Gaussian distributions. Pixel-wise Sen slopes 
were computed independently across all land pixels to produce spatial maps of ΩSAT trend magnitude, with 
significance assessed via Kendall τ correlation. 
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3. Results 

3.1. Validation of RST Heatwave Detection Using Known Heatwave Events 

The RST ΩSAT anomaly field was evaluated against three well-documented Italian heat wave events to assess 
the physical consistency of the detection framework. On 11 August 2003 (Figure 3a), 33.9% of valid Italian land 
pixels record ΩSAT ≥ 2.0, with strong positive anomalies concentrated over the Po Valley, Apennine foothills, and 
Tyrrhenian coast, consistent with the geographic footprint of the 2003 European blocking anticyclone that caused 
approximately 20,000 excess deaths in Italy alone [27,28]. On 3 August 2017 (Figure 3b), 21.8% of pixels 
exceeded ΩSAT ≥ 2.0, with the warm signal concentrated across central and southern Italy and a localized negative 
anomaly over the northern Po Valley attributable to convective cloud cover on that day, accurately reflecting the 
southward center of action of the Lucifer anticyclone prior to its northward propagation into the following days [28]. 
On 12 August 2021 (Figure 3c), 12.1% of pixels exceeded the threshold, marginally above the 10% spatial criterion 
adopted in this study, despite the event coinciding with the WMO-confirmed European all-time temperature record 
of 48.8 °C recorded near Floridia, Sicily, on 11 August [29,30]. The comparatively subdued ΩSAT magnitude on 
this date is physically consistent with the leave-one-out baseline design, in which the reference climatology for 
2021 is constructed from the full 2000 to 2025 record and therefore incorporates progressively warmer summers, 
compressing standardized anomaly magnitudes relative to what a fixed historical baseline would produce, a known 
property of RST applications under conditions of secular warming [25]. This confirms that the RST framework 
reliably detects well-documented heat wave events across a 26-year record, with detection strength broadly 
proportional to event intensity and spatial extent, and with baseline behavior that remains physically interpretable 
and scientifically consistent throughout the study period. 

 

Figure 3. Spatial distribution of the RST anomaly index (ΩSAT) over Italy on peak days of three documented heat 
wave events: (a) 11 August 2003, (b) 3 August 2017, and (c) 12 August 2021. The percentage of valid land pixels 
with ΩSAT ≥ 2.0 is shown in the lower left of each panel. 

3.2. Heatwave Frequency (HWF) 

Figure 4 shows the cumulative count of days per pixel belonging to qualifying heat wave events over 2000–
2025, where each counted day must form part of an episode satisfying all three detection criteria: ΩSAT ≥ 2.0, at 
least three consecutive qualifying days, and simultaneous exceedance over 10% of Italian land pixels. The highest 
counts, reaching up to 20 days, are concentrated across the Po Valley, southern Alpine foothills, and the Adriatic 
coastal corridor from Emilia-Romagna through Puglia, indicating that these regions were most frequently and 
persistently embedded within large-scale heat wave episodes over the study period. Central Italy shows 
intermediate accumulations, while Sardinia, Sicily, and the southern interior record the lowest values, reflecting 
heat anomalies that, despite high absolute temperatures, are less spatially coherent and less sustained over 
consecutive days relative to the RST local baseline. 

Figure 5 summarizes the annual heat wave statistics detected by the RST framework over Italy from 2000 to 
2025. Between one and three events were detected per active year, with 2012 recording the highest count of three 
events and the greatest total heat wave duration of ten days, followed by 2003, 2011, 2024, and 2025, which each 
recorded seven or more total heat wave days. The maximum spatial extent, shown in Figure 5c, exceeds 40% of 
Italian land pixels in 2001, 2012, and 2017, indicating that the most spatially extensive events in those years 
affected nearly half the country simultaneously, well above the 10% classification threshold. Notably, several 
years, including 2004, 2007, 2008, 2009, 2013, 2018, 2019, and 2022, record no detected events, reflecting either 
the absence of qualifying anomalies or years excluded from the analysis due to seismic contamination, while the 
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clustering of active years around 2003, 2011 to 2012, 2015 to 2017, and 2023 to 2025 is broadly consistent with 
documented periods of anomalous heat stress across the Mediterranean. 

 

Figure 4. Per-pixel cumulative heat wave day frequency over Italy (2000–2025). 

 

Figure 5. Annual heat wave statistics for Italy (2000–2025): (a) number of detected events per year, (b) total heat 
wave days per year, and (c) maximum spatial extent of the most spatially extensive event in each year. Dotted 
vertical lines mark the known heat wave years of 2003, 2017, and 2021. The dashed horizontal line in (c) indicates 
the 10% spatial extent threshold required for event classification. 
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Figure 6 presents the spatial distribution of ΩSAT on the peak day of the five most spatially extensive heat 
wave events detected over Italy during 2000–2025, ranked by the percentage of land pixels simultaneously 
exceeding ΩSAT ≥ 2.0. The most extensive event occurred in September 2012 (Figure 6a), affecting 48% of Italian 
land pixels on its peak day, with anomalies concentrated over southern Italy, Puglia, and Sicily, reflecting a late-
season heat episode driven by warm air advection from North Africa into the central Mediterranean. The August 
2017 Lucifer event (Figure 6b) ranks second with 45% coverage, showing broadly distributed warm anomalies 
across central and southern Italy, with the signal weakest in the northern Alps, where convective activity disrupted 
the surface heat signal. The March 2001 event (Figure 6c) is notably the only spring episode in the top five, with 
43% coverage concentrated over central and southern Italy, indicating that anomalous warmth in early spring can 
produce spatially coherent RST signals comparable in extent to the most intense summer episodes. The May 2003 
event (Figure 6d) precedes the catastrophic August 2003 heat wave by three months and covers 37% of Italian 
land pixels, suggesting that 2003 was anomalously warm across multiple seasons. The August 2003 event itself 
(Figure 6e) ranks fifth with 35% coverage, consistent with the broader validation result in Figure 3a, and shows 
the characteristic northern bias of the 2003 blocking anticyclone with the strongest anomalies over the Po Valley 
and Apennine foothills. The five events illustrate that the most spatially extensive RST-detected heat waves in 
Italy are not confined to summer and reflect a diversity of synoptic forcing mechanisms operating across the 
seasonal cycle. 

 

Figure 6. ΩSAT anomaly maps on the peak day of the five most spatially extensive heat wave events detected over 
Italy (2000–2025), ranked by maximum spatial extent: (a) September 2012 (3-day duration, 48% spatial extent), 
(b) August 2017 (4 days, 45%), (c) March 2001 (3 days, 43%), (d) May 2003 (3 days, 37%), and (e) August 2003 
(5 days, 35%). Panel annotations indicate the event year-month, duration in days, and peak spatial extent as a 
percentage of valid land pixels. 

Figure 7 shows the time series of Italy-wide seasonal mean ΩSAT from 2000 to 2025, assessed for monotonic 
trends using the Mann–Kendall test with trend magnitudes estimated by the Theil–Sen slope estimator. None of 
the five seasons exhibits a statistically significant trend over the study period, with p-values ranging from 0.113 in 
MAM to 0.751 in August, indicating that no season shows a detectable systematic shift in Italy-wide mean thermal 
anomaly at the 5% significance level. MAM and June show weak negative Sen slopes of −0.0125 and −0.0087 
ΩSAT year−1, respectively, reflecting a slight tendency toward cooler spring and early summer anomalies relative 
to the leave-one-out baseline, while July, August, and SON show weak positive slopes ranging from +0.0058 to 
+0.0098 ΩSAT year−1, suggesting a marginal late-season warming tendency that nonetheless remains statistically 
indistinguishable from noise. The high interannual variability evident in all panels, with alternating positive and 
negative anomalies of comparable magnitude throughout the record, suppresses trend detectability over the 23-year 
effective sample. The known heat wave years of 2003, 2017, and 2021 do not consistently emerge as outliers across 
all seasons, confirming that the RST leave-one-out baseline effectively normalizes the anomaly relative to the 
evolving climatology and that individual extreme years contribute to but do not dominate the seasonal mean signal. 

Figure 8 presents the spatial distribution of the Theil–Sen slope of July mean ΩSAT computed independently 
for each land pixel across the 2000–2025 record, revealing considerable spatial heterogeneity in the direction and 
magnitude of thermal anomaly trends that is obscured in the Italy-wide seasonal mean shown in Figure 7c. Figure 
8a shows that warming trends dominate the northern half of the country, with the strongest positive slopes 
exceeding +0.03 to +0.04 ΩSAT year−1 concentrated along the eastern Po Valley, the Friuli–Venezia Giulia plain, 
and the pre-Alpine foothills bordering Austria and Slovenia. This northern signal is consistent with documented 
amplified warming over the Po Basin driven by reduced soil moisture feedback and urban heat island 
intensification in one of Europe’s most densely industrialized lowlands. Central Italy and the Tyrrhenian corridor 
show a more mixed pattern of weakly positive and weakly negative slopes, while southern Italy, Calabria, and 
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Sicily display predominantly negative trends, suggesting that July thermal anomalies relative to the local RST 
baseline have not intensified in the far south over this period, possibly reflecting a combination of increased cloud 
cover variability and the baseline compression effect discussed for 2021. Figure 8b retains only pixels where the 
trend is statistically significant at the 5% level and shows that only 8.0% of Italian land pixels meet this criterion, 
all concentrated in the northeastern Po Valley and pre-Alpine zone for warming and in scattered coastal areas of 
Puglia and Sicily for cooling. The spatially confined nature of statistically significant trends confirms the Figure 8 
result that no Italy-wide July trend is detectable while simultaneously identifying the northeastern Po Valley as the 
sub-regional hotspot of emerging and statistically robust July thermal anomaly intensification within the study period. 

 

Figure 7. Annual mean ΩSAT anomaly per season over Italy (2000–2025). Red bars indicate positive anomalies 
(warmer than baseline), and blue bars indicate negative anomalies (cooler than baseline). The dashed black line 
shows the Theil–Sen slope, and red dotted vertical lines mark the known heat wave years of 2003, 2017, and 2021. 
Mann–Kendall trend test results and Sen slope magnitudes are shown in each panel. 

 

Figure 8. Pixel-wise Theil–Sen slope of July mean ΩSAT over Italy (2000–2025): (a) all land pixels and (b) 
statistically significant pixels only (p ≤ 0.05, Kendall τ test). Red indicates an increasing anomaly (warming trend), 
and blue indicates a decreasing anomaly (cooling trend). 

4. Discussion 

4.1. Synoptic Drivers and Mediterranean Climatological Context 

The spatial and temporal patterns of thermal anomalies identified across Italy between 2000 and 2025 
demonstrate the strong influence of Mediterranean-scale atmospheric circulation dynamics. To our understanding, 
major extreme heat events captured by the Robust Satellite Technique (RST), notably those of August 2003, 
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August 2017, and August 2021, were primarily driven by persistent subtropical anticyclonic ridges originating 
over North Africa and extending across the central Mediterranean Basin, as seen in [31,32]. These high-pressure 
systems induce intense atmospheric subsidence, upper-level ridge formation, and clear-sky conditions that 
maximize solar irradiance and radiative surface heating. 

Results reveal that the spatial footprint of these events varies according to the trajectory and stability of the 
synoptic ridge. For instance, during the August 2003 event (Figure 3a), persistent omega-blocking displaced the 
core of the anomaly northward over the Po Valley and northern Apennine foothills. In contrast, events like the 
2017 “Lucifer” heatwave (Figure 3b) exhibited a central-southern bias before propagating northward. This 
observed synoptic forcing was seen to interact directly with the complex topography of the Italian peninsula, where 
low-elevation interior basins experience rapid thermal buildup compared to surrounding mountainous terrain. 
These observed atmospheric processes align with recent investigations into urban microclimatic vulnerability and 
satellite-derived land surface temperature dynamics under Mediterranean climate regimes [33,34]. 

4.2. Spatial Heterogeneity and the Po Valley Hotspot 

Although there was no Italy-wide seasonal anomaly meaning showing a statistically significant trend overall, 
as seen in our result (Figure 7), pixel-wise Sen slope analysis reveals critical sub-regional thermal trends. The most 
notable finding is the statistically significant July warming trend localized across 8.0% of Italian land pixels, 
concentrated heavily within the northeastern Po Valley and the adjacent pre-Alpine foothills (Figure 8). 

This localized intensification ( Sen slope > +0.03 ΩSAT yearିଵ ) reflects the distinct surface physical 
properties and low elevation of the Po Basin. As a flat, low-lying lowland bounded by the Alps and Apennines, 
the Po Valley experiences rapid daytime surface heating under clear-sky summer conditions. During prolonged 
high-temperature anomalies, the land surface undergoes enhanced sensible heat fluxes, amplifying satellite-
retrieved daytime LST relative to the regional background. When combined with extensive urban and industrial 
surfaces across major metropolitan corridors (e.g., Milan, Venice, and Bologna), daytime LST values experience 
marked amplification relative to the local climatological background [35]. Conversely, southern regions (Calabria, 
Sicily) display stable or slightly negative trends relative to the local baseline (Figure 8a), reflecting both high 
interannual variability in convective cloud cover and baseline normalization dynamics. 

4.3. Methodological Performance of RST and Baseline Dynamics 

The RST framework (ΩSAT index) proved highly effective at suppressing background noise and isolating 
statistically significant surface thermal anomalies, as also noted in [14]. By utilizing a leave-one-out baseline 
design with a ±7 day temporal window, the methodology accounts for local microclimates and seasonal transitions 
without fixed climatological biases. Excluding seismically active years (2008, 2009, 2013) successfully prevented 
pre-seismic land surface thermal anomalies from artificially inflating the reference mean (𝜇) and standard deviation 
(𝜎), thereby preserving the sensitivity of the index to purely atmospheric heat stress. 

However, the leave-one-out approach over a 26-year record undergoing secular climate warming introduces 
a “baseline compression” phenomenon. As recent summers (e.g., 2021–2025) become progressively warmer, the 
long-term baseline reference incorporates higher thermal values. Consequently, standardized 𝑧-scores (ΩSAT) 
during recent extreme thermal events appear moderately lower than they would against a historical, fixed baseline 
(e.g., 1981–2010). This physical property explains why highly extreme absolute surface temperatures—such as 
the August 2021 Sicilian heatwave (Figure 3c)—yielded lower spatial anomaly percentages (ΩSAT ≥ 2.0 over 
12.1% of land pixels) compared to earlier historical benchmarks like August 2003 (33.9%). Understanding this 
baseline behavior is crucial when interpreting multi-decadal satellite anomaly time series under ongoing warming. 

4.4. Study Limitations and Future Directions 

Several limitations inherent to satellite remote sensing should be noted. First, MODIS Terra daytime LST 
retrievals are limited to cloud-free observations. Although cloud contamination is minimal during Italian summer 
months (Figure 2), convective cloud formation during heatwave decay phases can cause localized missing data. 
Second, land surface temperature (LST) responds directly to radiative surface energy balances and differs from 
near-surface air temperature (𝑇௔ , 2 m) recorded by meteorological networks. While satellite remote sensing 
provides high spatial coverage as demonstrated in this study, future research that does not explicitly utilize satellite 
observations should instead integrate ERA5-Land reanalysis or dense weather station networks to assess surface 
thermal stress and human comfort. 
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5. Conclusions 

This study presented a high-resolution satellite assessment of extreme thermal events across Italy using a 26-
year record (2000–2025) of MODIS Terra daytime Land Surface Temperature (LST) data. By implementing the 
Robust Satellite Technique (RST) with a leave-one-out baseline reference and strict quality-control bit-masking, 
the methodology effectively isolated surface heat anomalies while filtering out seismic contamination years (2008, 
2009, 2013) that would otherwise skew baseline statistics. Deploying multi-criteria event thresholds (ΩSAT ≥ 2.0, ≥ 3-day duration, and ≥10% national spatial extent) successfully captured iconic Mediterranean heatwaves, 
including August 2003, August 2017, and August 2021. The spatial cumulative frequency of these thermal 
anomalies was predominantly concentrated over low-elevation interior lowlands, particularly the Po Valley, the 
southern Alpine foothills, and coastal corridors along the Adriatic Sea. 

Multi-temporal anomaly evaluations revealed that localized thermal anomaly intensification was heavily 
concentrated in the northeastern Po Valley—a region characterized by low elevation and dense anthropogenic land 
cover. Furthermore, the leave-one-out baseline design demonstrated how ongoing climate warming elevates the 
long-term reference mean (𝜇), leading to baseline compression. Under this relative normalization, recent extreme 
events exhibit lower standardized 𝑧-scores (ΩSAT) relative to earlier historical benchmarks, underscoring the 
importance of contextualizing anomaly indices against evolving climatological baselines. 

Overall, the RST framework proves to be a robust tool for mapping multi-decadal land surface heat dynamics 
across complex topography. While satellite observations excel at fine-scale spatial hazard mapping, future research 
where satellite remote sensing is not employed should integrate ERA5-Land reanalysis or dense weather station 
networks to evaluate near-surface air temperatures and human thermal comfort. The high-resolution hazard maps 
produced in this study provide essential observational evidence to inform targeted climate adaptation, urban 
planning, and heat vulnerability mitigation across heterogeneous Mediterranean environments. 
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