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11 Abstract
12 Heatwaves represent one of the most significant climate-related hazards affecting human health,

13 ecosystems, and socioeconomic activities. This study presents the first multi-decadal, national-scale assessment of
14 summer heatwaves and heat vulnerability in Romania using a 26-year archive (2000-2025) of MODIS Land
15 Surface Temperature (LST) integrated with official meteorological warnings and high-resolution population-grid
16 data. Daily satellite observations were processed to analyze long-term trends, anomalies, and consecutive hot days.
17 A 1-km Heat Vulnerability Index (HVI) was developed by fusing satellite-derived thermal hazard data, cumulative
18 heat-warning severity, population density, and demographic sensitivity.

19 The results indicate a severe and widespread intensification of summer thermal conditions across Romania,
20 with August exhibiting the strongest surface warming trend (1.76°C decade™), followed by July (0.82°C decade™),
21 and a seasonal average increase of 0.84°C decade!. Maximum LST frequently exceeded 50°C in the southern
22 lowlands during the most extreme summers on record (2007, 2012, 2022, 2024, and 2025), with 2024 registering
23 a record-breaking 56 heatwave days. The southern lowlands and the Bucharest metropolitan area emerged as the
24 principal national hotspots of heat-related risk. Nationally, over 3.15 million inhabitants (16.5% of the total
25 population) reside in areas classified under high and very high vulnerability classes, with Bucharest alone
26 concentrating 1.82 million vulnerable citizens. The proposed framework provides an operational, high-utility tool
27 for geographic screening, directly supporting evidence-based public health interventions and climate adaptation
28 strategies.

29 Keywords: Remote sensing climatology; Environmental health screening; Spatial risk allocation;
30 Population exposure; Thermal anomalies; MODIS Aqua/Terra.

31 Introduction

32 Heat waves represent one of the most hazardous climate-related extremes because they

33 affect human health, agriculture, water resources, energy demand and ecosystem functioning.
34  Their impacts are expected to intensify under ongoing climate change, increasing the need for
35  effective monitoring, early-warning systems and adaptation strategies.

36 There is a wide range of definitions of heatwaves, depending on their frequency, intensity,
37  duration, and on thresholds that vary according to the climatic characteristics of different
38  geographical regions. In general, heatwaves are identified by thermal anomalies above a defined
39  threshold, persisting for several consecutive days. The threshold may take the form of a fixed
40  temperature value or a percentile-based threshold defined in relation to the temperature
41  distribution of a specific location (Bojariu et al., 2021).

42 According to WMO Task Team (2018), a heatwave can be defined as “a period of marked
43 unusual hot weather (maximum, minimum and daily average temperature) over a region
44 persisting at least three consecutive days during the warm period of the year based on local
45  (station-based) climatological conditions, with thermal conditions recorded above given
46 thresholds”.

47 Heatwaves are generally defined based on the persistence of both daytime and nighttime
48  high temperatures. However, many countries have adopted local criteria for issuing heatwave-
49  related warnings. In the Netherlands, Belgium, or Luxembourg, a heatwave is defined as a
50 period of at least five consecutive days with maximum temperatures above 25°C, whereas in
51  Denmark it is defined as a period of at least three consecutive days with mean maximum
52 temperatures above 28°C across more than half the country. In Romania, however, the 25°C
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53  threshold only represents the normal thermal limit of a summer day (Dima et al., 2016). Other
54  definitions used by meteorological services include: “a period of abnormally hot weather
55  lasting generally more than two days.
56 Heatwaves can occur with or without high humidity” (US National Weather Service), “a
57  period of abnormally hot and unusually humid weather. Usually, a heatwave lasts two or more
58 days” (NOAA), and “a prolonged period of hot weather relative to expected conditions at that
59  time of year and in the area concerned, where humidity may also be high” (Met Office)
60 (Bunting et al., 2024).
61 Since there is no universal temperature threshold that defines extreme heat, heatwaves are
62  defined in relation to the local climate. The same meteorological conditions may constitute a
63  heatwave in one region but not in another, and in order to understand the impacts of extreme
64  temperatures on human comfort or health, nighttime temperatures are just as important as
65 daytime ones (WMO & WHO, 2015). Therefore, this approach to defining heatwaves is
66  relevant for thermal climate hazards with impacts on human health and comfort (Méarasoiu,
67  2015; Croitoru et al., 2018). Nonetheless, non-climatological variables such as exposure,
68  vulnerability, population, and land use/land cover are still seldom incorporated into heatwave
69  definitions (Bunting et al., 2024).
70 In relation to local climatic conditions, a heatwave is a period of excessively hot weather.
71 Thus, in regions with colder climates, temperatures may be recorded over several consecutive
72 days that are anomalous relative to the normal thermal regime of that region and period,
73 suggesting the occurrence of a heatwave. Meteorologists generally associate such episodes with
74  anticyclonic atmospheric patterns, which are characterized by prolonged periods of clear skies
75 and elevated temperatures in the atmospheric boundary layer (Barriopedro et al., 2011).
76 In the 21st century, Europe experienced the devastating 2003 summer heatwave, which
77  caused tens of thousands of fatalities due to extreme temperatures and prolonged thermal
78  discomfort (Ionita et al., 2021; Nagavciuc et al., 2022; Ionita et al., 2024; Martins et al., 2024).
79 In Romania, intense and persistent heatwaves have become increasingly frequent in
80 recent decades, as illustrated by the events of 2007, 2012, 2015, 2017, and 2021 (Croitoru et
81 al, 2016; Sfica et al., 2017; Piticar et al., 2018; Bojariu et al., 2021), followed by the last three
82  summers (2022, 2023, 2024). Romanian heatwaves can be generated by tropical air advections,
83  which lead to strong positive temperature anomalies relative to climatological norms and
84  sometimes even new record values (Dima et al., 2016).
85 In temperate regions, the highest daily maximum air temperatures are recorded from mid-
86  June until late August. When both daily maximum and minimum temperatures are high, and the
87  diurnal amplitude is reduced, this phenomenon is referred to as a hot day (heatwave) in
88  Romania. In such cases, daytime maximum temperatures reach or exceed 35°C, while nighttime
89  minimum temperatures remain around or above 20°C (Marasoiu, 2015; Dima et al., 2016;
90  Croitoru et al., 2018).
91 Heatwaves in Romania are predominantly associated with the advection of continental
92  tropical air masses originating from North Africa or the Arabian Peninsula (Dima et al., 2016).
93  These warm-air intrusions occur under persistent anticyclonic circulation conditions,
94  characterized by the extension of the Azores High over southeastern Europe and dominant
95  southwesterly to northwesterly flow in the middle troposphere. Such large-scale synoptic
96  configurations promote prolonged atmospheric stability, enhanced surface heating, and the
97  persistence of extreme high-temperature events across the country.
98 The spatial distribution of heat waves is not homogeneous across Romania. The southern
99  part of the country is the most frequently affected region, while mountainous areas experience
100  substantially fewer and shorter heat-wave episodes owing to altitude and regional climatic
101 influences (Barbu et al. 2014; Dima et al., 2016).
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102 Recent research has also highlighted the increasing importance of heatwave monitoring
103  in Romania. Cheval et al. (2025) analysed the characteristics of urban heatwaves in 41
104  Romanian cities using air temperature observations, describing their magnitude, duration,
105  frequency, and projected future evolution under climate change scenarios. Their results indicate
106  that Romanian cities will experience increasingly frequent and intense heatwaves, emphasizing
107  the need for region-specific adaptation strategies and continuous monitoring.

108 Climate projections indicate that both the frequency and duration of heatwaves will
109 increase across Romania under the RCP4.5 and RCP8.5 scenarios, with the strongest changes
110  expected in southern regions, leading to greater population exposure to extreme heat. Mean
111 heatwave duration is projected to increase by approximately 30-50% under RCP4.5 and by 50—
112 70% under RCP8.5 over southern Romania (Antonescu et al. 2023). This long-term trend is
113 further corroborated by recent observational data from the hottest summers on record,
114  specifically 2023 and 2024, which demonstrated an unprecedented proliferation of compound
115  hot-dry extremes and extended thermal blocks across Eastern Europe (Ionita et al., 2025;
116  Antonescu & lonita, 2024). Furthermore, recent modeling efforts have emphasized that the
117  intersection between expanding built-up urban footprints and these intensified synoptic events
118  triggers severe microclimatic disruptions, causing surface urban heat islands to peak in intensity
119  during nighttime cycles (Cheval et al., 2025; Gabrian et al., 2025). While recent institutional
120  initiatives, such as the public platform Romania Heat Atlas (2026), have significantly advanced
121 the mapping of physical heatwave dynamics and indoor-outdoor thermal comfort indicators like
122 the Wet Bulb Global Temperature across major Romanian cities, these open-access frameworks
123 focus predominantly on spatializing climatological hazard thresholds at localized urban scales.
124  The present study addresses a critical methodology gap by conceptualizing heat risk at a
125  continuous national scale. By integrating multi-decadal, dual-satellite MODIS-derived thermal
126  exposure with high-resolution census statistics, we model population density and structural
127  demographic sensitivity into a unified, geospatial 1-km Heat Vulnerability Index (HVI)
128  spanning the entire country.

129 Understanding the atmospheric circulation patterns responsible for heat-wave formation
130 is essential for improving weather forecasting, early-warning systems and climate adaptation.
131  Consequently, identifying areas where intense heat coincides with high population exposure
132 and demographic vulnerability represents a key step toward reducing heat-related risks (Sfica
133 etal, 2017).

134 Heatwaves can be analyzed using a single meteorological parameter (e.g., maximum
135  air temperature) or through more complex approaches combining ground-based meteorological
136  station data with indices derived from satellite imagery. Thermal infrared (TIR) satellite data
137  can be used to estimate diurnal land surface temperature amplitudes, assess thermal stress, and
138  support public health warning systems.

139 In Romania, the spatial distribution of air temperature is strongly controlled by altitude.
140  Asillustrated in Figure 1, the annual mean daily maximum air temperature during the warm
141  season exhibits a pronounced altitudinal gradient, with the highest values consistently observed
142 below 200 m and progressively lower temperatures towards the highest mountain areas. Despite
143  these marked differences, a coherent warming trend is evident across all 13 altitudinal zones
144 during the 2000-2025 period, indicating that recent climate warming affects not only lowland
145  regions but also high-elevation environments. Several exceptionally warm years, including
146 2007, 2012, 2015 and the recent period 2022—-2025, stand out across nearly all elevation belts,
147  suggesting that heat extremes have become increasingly widespread rather than being restricted
148  to low-altitude regions. These findings indicate a growing potential for heat-related impacts
149  across Romania and further highlight the need for spatially explicit assessments of heat hazard,
150  exposure and population vulnerability.
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152 Figure 1. Spatiotemporal evolution of annual mean daily maximum air temperature across Romania
153 Land Surface Temperature (LST) is a useful indicator for estimating the surface energy

154  balance and greenhouse effect, since both influence numerous terrestrial biophysical processes.
155  LST varies rapidly in space and time, mainly due to the diurnal and annual cycles of the Earth.
156  Information regarding the temporal dynamics of LST (seasonal, annual, and interannual) is
157  essential for determining energy fluxes between the atmosphere and the land surface. Numerous
158  studies have analyzed heatwaves using satellite-derived LST indices from different sensors
159  (e.g., Landsat in Buscail et al., 2012; MODIS in Zaitchik et al., 2006; Zoran et al., 2011; Gusso
160 etal., 2014; NOAA-AVHRR in Dousset et al., 2011).

161 Data and Methods
162 1. Data Used
163 The analysis of summer temperatures and heatwaves across Romania was carried out

164  using the daily Land Surface Temperature and Emissivity products MYD11A1 (Collection 6.1)
165  derived from Aqua MODIS for the period 2002-2025, complemented by MOD11A1 (Terra
166  MODIS) for 2000-2001, prior to the operational availability of Aqua.

167 The daytime Aqua overpass over Romania occurs at approximately 13:30—15:10 local
168  time, close to the period of maximum daytime surface heating, whereas Terra acquires
169  observations earlier, at approximately 10:30—12:10 local time. The daily LST and emissivity
170  products are generated at a spatial resolution of 1 km using the generalized split-window
171 algorithm, with a reported accuracy of approximately £1 K under clear-sky conditions.

172 It should be noted that land surface temperature (LST) differs fundamentally from near-
173 surface air temperature (Tmax), and therefore discrepancies are expected between values
174  measured at meteorological stations and those retrieved from satellite observations. These
175  differences arise from several factors: (i) the measurement level, as air temperature is recorded
176  at 2 m above the ground whereas satellite sensors measure the radiometric temperature of the
177  Earth's surface (e.g., vegetation canopy, rooftops, bare soil or asphalt); (ii) differences in land-
178  cover and surface characteristics, which strongly influence the surface energy balance; and (iii)
179  the observation time, since MODIS daytime overpasses Romania between approximately 10:30
180  and 12:10 UTC, while meteorological stations report the daily maximum air temperature, which
181  generally occurs later in the afternoon. Additionally, while thermal infrared remote sensing is
182  inherently subject to clear-sky bias, synoptic heatwave formation in this geographical region is
183  strongly linked with stable, anticyclonic configurations. Given that extreme thermal events
184  predominantly develop under low-cloud atmospheric blocks, this sampling constraint exerts a
185  negligible structural impact on the integrity of the peak land surface temperature climatology.
186  Despite these differences, LST and air temperature are closely related under clear-sky
187  conditions and complementary analyses, including correlation statistics and LST-Tmax



https://doi.org/10.5194/egusphere-2026-4415
Preprint. Discussion started: 11 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

188  differences, were performed to evaluate their relationship and to quantify the additional heating
189  of the land surface during heat-wave events.

190 County-level data on the percentage of households equipped with at least one air
191  conditioning unit (INS, 2021) were linked to the corresponding county polygons and compared
192 with the classified Heat Vulnerability Index (HVI). This analysis enabled the identification of
193  counties characterized by high heat vulnerability and low air conditioning coverage,
194  highlighting areas with potentially limited adaptive capacity to extreme heat.

195 An overview of the datasets used, data processing steps, and the main methodological
196  framework adopted in this study is presented in the workflow shown in Figure 2.

197

198 2. Methods

199 Daily MODIS Land Surface Temperature (LST) data for Romania were processed and

200 downloaded using the Google Earth Engine platform through a Python-based workflow,
201 followed by post-processing and spatial analyses in RStudio. The analyses included long-term
202 trends, anomalies, annual maximum LST, monthly averages, and the number of consecutive
203  days exceeding predefined LST thresholds.

204 In addition, daily maximum air temperature (Tmax) observations (at 1 km spatial
205  resolution, extracted from Romanian National Meteorological Administration (ANM) archive)
206  were incorporated to evaluate the relationship between satellite-derived LST and near-surface
207  air temperature. Correlation analyses and statistical comparisons were performed to quantify
208  the agreement between the two datasets and to assess the magnitude by which land surface
209  temperature exceeds maximum air temperature during heat-wave conditions.

210 Furthermore, official heat-warning records (yellow, orange and red warning levels) issued
211 by the Romanian National Meteorological Administration and the Eurostat 2021 population
212 grid (Tucci et al., 2026), including total population and the population aged >65 years, were
213 integrated to develop a 1-km Heat Vulnerability Index (HVI).

214 The selection of the cohort aged >65 years as the primary indicator for demographic
215  vulnerability reflects the structural breakdown of the latest national census database, which
216  aggregates population statistics into three macro-age categories: under 15 years, 15 to 64 years,
217  and 65 years and over. From a biometeorological perspective, this senior cohort represents the
218  segment of the population with the highest physical vulnerability to extreme thermal stress due
219  to age-related thermoregulatory degradation and a higher prevalence of baseline cardiovascular
220  conditions. Utilizing this standardized age threshold ensures strict alignment with official
221  demographic reporting while capturing the core spatial distribution of the most heat-sensitive
222 population group across Romania. The HVI combines satellite-derived land surface
223 temperature, cumulative heat-warning severity, population exposure and demographic
224 vulnerability. All variables were robustly normalized using the 2" and 98" percentiles,
225  integrated using an equal-weight approach, and classified into five fixed vulnerability classes
226 (Very Low, Low, Moderate, High and Very High), providing a comprehensive spatial
227  assessment of heat-related vulnerability across Romania.

228 The adoption of an equal-weighting scheme represents a well-established and transparent
229  benchmark approach in macro-scale vulnerability mapping. In national-scale assessments
230  spanning geographically and socio-economically heterogeneous regions, assigning identical
231  baseline weights eliminates subjective or localized structural biases that often arise from
232 statistical weighting techniques like Principal Component Analysis, which can over-optimize
233 for specific urban environments at the expense of regional accuracy. This operational neutrality
234  ensures that the index functions effectively as a straightforward screening tool, making its
235  computational framework highly reproducible for public health administrators and spatial
236  planners tracking national climate risk allocation.
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Furthermore, technological adaptive capacity—represented by county-level household air
conditioning ownership from the 2021 census—was intentionally excluded from the pixel-level
algebraic calculation of the HVI. Because socioeconomic and infrastructure statistics are
commercially and administratively aggregated at broad county levels, integrating them directly
into a 1-km raster matrix would trigger severe ecological fallacies, artificially smoothing out
localized urban-rural risk boundaries. Instead, this layer is treated strictly as a regional macro-
contextual overlay within the discussion framework to isolate systemic adaptation deficits
without corrupting the high-resolution grid dynamics.

The Romanian colour-coded heat warning system follows the European MeteoAlarm
(European Multi-service Meteorological Awareness, EMMA) framework (EUMETNET, 2024),
which was adopted by the Romanian National Meteorological Administration (NMA) in 2008.
According to the national warning methodology (Joint Order No. 245/2012), yellow, orange,
and red warnings are defined based on maximum air temperature, the Temperature-Humidity
Index (THI), and the persistence of heatwave conditions. In general, the corresponding
maximum air temperature thresholds are 33-36°C (yellow), 37-39°C (orange), and >40°C
(red). Consequently, official yellow, orange, and red heat warnings are available only from 2007
onwards, rendering these operational alerts structurally unavailable for the early years of our
baseline. To resolve this and ensure chronological homogeneity across the entire multi-decadal
study period, the utilization of a fixed threshold of 35°C was implemented to identify heatwave
days prior to 2007. In the Romanian climatological nomenclature, an air temperature reaching
or exceeding 35°C officially defines a tropical, scorching day. Therefore, applying this
historical physiological threshold as a baseline proxy before the operational rollout of the
Meteoalarm-aligned system establishes a mathematically consistent and structurally continuous
timeline, ensuring that long-term trends reflect true atmospheric evolution rather than shifts in
institutional reporting protocols.
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264 The Heat Vulnerability Index was developed to quantify the spatial distribution of
265 population vulnerability to heat-related impacts by integrating three equally important
266  dimensions: hazard, exposure, and demographic vulnerability. The index was calculated on
267 a 1-km population grid covering Romania using an equal-weighting approach, which avoids
268  subjective weighting assumptions and provides a transparent and reproducible framework.

269 The hazard component was defined as the average of two normalized variables: (i) mean
270  land surface temperature (LST) derived from satellite observations during heatwave conditions
271  and (ii) the cumulative heat-warning severity index calculated from official meteorological
272 warnings. The severity index was computed by assigning a weight of 1 to yellow warnings, 2
273  to orange warnings, and 3 to red warnings, according to:

274 Severity=Nyellow+2Norange+3Nred

275 where Nyellow, Norange, and Nred represent the cumulative number of warnings of each
276  category over the study period.

277 The exposure component was represented by the total resident population within each 1-

278  km grid cell, whereas demographic vulnerability was expressed as the proportion of residents
279  aged 65 years and older. Before integration, all variables were normalized to a common range
280 using robust min-max normalization based on the 2nd and 98th percentiles to reduce the

281  influence of extreme values. The normalized hazard component was calculated as:

LST norm + Severity norm
282 Hazard =

2
283
284 Finally, the Heat Vulnerability Index was computed as:
285
286 HVI= Hazard+Exposu;e+Vulnerability
287  where:
288 e Hazard = normalized thermal hazard,
289 o Exposure = normalized total population,
290 e Vulnerability = normalized proportion of population aged >65 years.
291 All three components received identical weights (1/3), following the principle that hazard,

292 exposure, and vulnerability contribute equally to heat-related risk in the absence of objective
293  evidence supporting differential weighting. For mapping and statistical analyses, the continuous
294  HVI values were classified into five fixed vulnerability classes using predefined thresholds:

295 Table 1. HVI classification
HVI Vulnerability class
0.00-0.15 Very Low
0.15-0.30 Low
0.30-0.45 Moderate
0.45-0.60 High
0.60-0.80 Very High

296

297 Results

298 A. Analysis of Summer LST Values (2000-2025)

299 The LST heatmap (Fig. 3) shows an increasing trend in the frequency of days with high

300 temperatures. The most recent years (2020-2025) indicate a notable rise in days with
301 temperatures exceeding 35°C, highlighting both the increasing intensity and frequency of
302  heatwaves. In addition to the recent hot years, 2000, 2003, 2007, 2012, and 2015 also stand out.
303  These years recorded consecutive days with LST values above 38°C, coinciding with drought
304 events reported in the literature, which further demonstrates the correlation between high
305 temperatures and stress on water resources and agriculture.
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306 Regarding the months with the highest LST values, July consistently recorded the

307 maximum peaks, followed by August. The highest monthly mean LST was in July 2007

308 (35.4°C), followed by July 2025 (34.96°C), August 2024 (34.7°C), July 2012 (34.6°C), and

309  July 2024 (33.9°C) (Fig. 3). Monthly average LST values indicate that summer 2025 was the

310  hottest on record, with a mean LST of 33.43°C, followed by summer 2024 (32.83°C), 2012

311 (32.75°C) and 2007 (32.43°C).
A

E1e | i

20015 22
Ty iy 20
OO EEOOOLEEOOEEEOD o
2e0000eeeS8888888888 8888808 EEE .\ nn 2
312 88580000e88885888888888858588 55 2 2228 88 18

313 Figure 3. LST Values in Romania During the Summer Season, 2000-2025

314 The comparison between MODIS LST and daily maximum air temperature reveals a
315  robust linear relationship, confirming that both variables respond consistently to heatwave
316  conditions. However, LST systematically exceeds Tmax, with an average difference of 2.75°C,
317  reflecting the more rapid heating of the land surface relative to the overlying air. This behaviour
318  is observed across all LST classes, suggesting that the LST—air temperature difference remains
319 relatively stable even under the most extreme thermal conditions (Fig. 4).
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321 Figure 4. MODIS LST and Air Tmax comparison during summer days (2000-2025)
322 The spatial distribution of monthly LST anomalies in Romania (2000-2025) (Figure S1)

323  reveals distinct interannual variability, with strong positive anomalies occurring in years
324  marked by extreme heat events. July 2007 stands out with widespread anomalies exceeding
325  +10°C across southern and eastern Romania, reflecting one of the most severe heatwaves in
326 recent decades. Similarly, August 2012 and August 2024 display large areas with high
327  anomalies, particularly in the Romanian Plain and Dobrogea, confirming the intensity of
328  heatwaves during these periods.

329 By contrast, years such as 2005, 2014, and 2018 show predominantly negative anomalies
330 (—5°Cto —10°C), indicating cooler-than-average summers. Spatially, the highest anomalies are
331  consistently concentrated in lowland regions (the Romanian Plain, Dobrogea Plateau, and



https://doi.org/10.5194/egusphere-2026-4415
Preprint. Discussion started: 11 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

332 western plains), while more moderate values are observed in Transylvania (center of the
333 country) and mountainous areas, where altitude mitigates extreme surface heating.

334 The ranking of monthly LST anomalies in Romania for the period 2000-2025 highlights
335  several extreme events. The most pronounced anomaly was recorded in July 2007 (+5.3°C).
336 The following values correspond to July 2025, July 2024 and August 2012, associated with
337 intense and long-lasting heatwaves.

338 Linear trends in mean monthly summer LST reveal a marked intensification of surface
339  warming across Romania during the 2000-2025 period, although the magnitude and spatial
340 extent of these changes differ considerably among the summer months (Fig. 5). June exhibited
341  relatively weak and spatially heterogeneous trends, with localized areas of slight cooling,
342  resulting in a near-zero mean trend (—0.07 °C decade™). In contrast, July and August were
343  characterized by widespread positive trends across almost the entire country, with mean
344  warming rates of 0.82 and 1.76 °C decade™, respectively. August displayed the strongest and
345  most spatially homogeneous warming pattern, with positive trends affecting approximately
346 99% of the study area, while July showed warming over 93% of Romania. The seasonal (JJA)
347  trend integrated these monthly patterns and indicated an average increase of 0.84 °C decade™,
348  with positive trends covering approximately 97% of the country. These findings indicate that
349  recent summer warming has become increasingly widespread, particularly during the peak
350 summer months, reinforcing the observed intensification of heatwave conditions across
351  Romania.

Latitude
&
3
Latitude
&

Mean: 0.82 “C/dec st s
e 002 cioee g n
Warming: 93% Bt

Mean: -0.07 °C/dec *,,
ian: -0.03

Median: -0.0:
Warming: 48%

Longitude Longitude

I
LST trend (°C decade™?)

August

Latitude

3 5 2 Longitude Longitude

353 Figure 5. Summer LST trend in Romania by month and season, reference period 2000-2025

354

355 Based on the number of consecutive days with different LST thresholds (35°C, 40°C,

356  45°C, 50°C - Fig. S2), high-incidence areas were identified in the Romanian Plain (especially
357  the central part) and Dobrogea, while moderate to low values occurred in Transylvania, and
358 heatwaves were practically absent in mountain areas and the Danube Delta. As the LST
359  threshold increases, both the extent of affected areas and the number of consecutive days
360  decrease. Thus, while the number of consecutive days with LST > 35°C reaches a maximum
361  of more than 16 days in July and August, at the LST > 40°C threshold the frequency and spatial
362  extent of high temperatures decrease considerably.

363 For the 50°C threshold, extreme heat was observed especially in July, in the Romanian
364  Plain and Dobrogea Plateau, later peaking in August with up to 11 consecutive days in the
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365  Oltenia Plain. At the highest threshold (LST > 55°C), extreme heat appeared only in July and
366  August, mainly in the Teleorman Plain, with sequences of up to 10 days.

367 Analysis of the years with the maximum number of consecutive days above LST >
368  35°C (Fig. S3) revealed a territorial distribution of heatwave intensity, with the largest spatial
369  extents recorded in 2007, 2012, 2015, and 2022. At higher thresholds (LST > 40°C, 50°C,
370  55°C), the extent of extremely hot areas decreased, clearly highlighting the most extreme years
371 (2007,2012, 2015, 2022, 2024).

372
373  B. Analysis of Heatwaves Based on LST Data
374 The temporal evolution of heatwave days reveals a pronounced increase in the frequency,

375  persistence, and thermal intensity of extreme summer conditions across Romania during the
376 2000-2025 period (Fig. 6). Heatwave episodes were defined as sequences of at least three
377  consecutive days associated with official yellow, orange, or red heat warnings issued by NMA.
378 During the study period, the highest number of heatwave days was recorded in 2024 (56
379  days), followed by 2025 (45 days), 2022 (39 days), 2012 (37 days), 2023 (36 days), and 2021
380 (34 days). While only isolated and relatively short heatwave episodes occurred during the early
381  2000s, their frequency and duration increased substantially after 2020. Moreover, the
382  predominance of orange and red cells during recent summers indicates that these events were
383  increasingly associated with high mean MODIS LST values, frequently exceeding 35°C and,
384  inseveral cases, 40°C. The longer uninterrupted sequences of heatwave days observed in 2021—
385 2025 further demonstrate an increase in the persistence of extreme thermal conditions,
386  highlighting the growing severity of summer heatwaves across Romania.

387 The distribution of heatwave days by mean LST class reveals that most heatwave events
388  occurred within the 32-34°C and 34-36°C intervals, accounting for 118 and 108 days,
389  respectively (Fig. S5). A substantial number of heatwave days were also recorded within the
390 30-32°C (73 days) and 36-38°C (71 days) classes, indicating that the majority of heatwave
391  conditions were associated with moderate to high surface temperatures. In contrast, very high
392  LST values were considerably less frequent, with only 31 days recorded in the 38-40°C class
393  and six days exceeding 40°C. Heatwave days associated with mean LST below 30°C were rare,
394  representing less than 7% of the total. Overall, the distribution demonstrates that Romanian
395  heatwaves are predominantly characterized by mean LST values between 32 and 36°C, whereas
396  extremely high surface temperatures (>40°C) occur only during the most severe events.

397
398

399 The combined analysis of mean LST and heatwave-warning days across the 13 altitudinal
400  zones reveals a pronounced elevation-dependent pattern throughout the 2000-2025 period (Fig.
401 7). Mean LST decreases progressively with increasing altitude, with the highest temperatures
402  consistently recorded below 200 m and the lowest values observed above 2200 m. Despite this
403  strong altitudinal gradient, recent years exhibit a clear increase in LST across all elevation
404  bands, indicating that summer warming is not restricted to lowland regions.
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405 The number of heatwave-warning days also increased substantially over time, particularly
406  after 2020, with the largest totals recorded during 2024 and 2025. Although warning days
407  occurred predominantly at lower elevations, their presence at higher altitudes during recent
408  years demonstrates the upward expansion of heatwave conditions.

409 Furthermore, the composition of warning levels shifted towards a greater contribution of
410  orange and red warnings during the most recent summers, reflecting an increase not only in the
411 frequency but also in the severity of heatwave events across Romania.
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414 The spatial distribution of maximum LST recorded during heatwave events between

415 2000 and 2025 reveals a pronounced geographical pattern across Romania (Fig. 8). The highest
416  maximum LST values (>53°C, locally exceeding 57°C) were consistently observed in the
417  southern and southeastern lowlands, particularly across the Romanian Plain, Baragan Plain,
418 and Dobrogea. Elevated maximum LST values (48-57°C) also extended into the western
419  lowlands, including the Banat and Crisana plains.

420 In contrast, the lowest maximum LST values (<36°C) were concentrated in the
421  Carpathian Mountains and the highest mountain ranges, where altitude and dense forest cover
422  contribute to substantially lower surface temperatures. Intermediate values (36—44°C)
423 characterized the hilly and plateau regions surrounding the mountain chain, reflecting the strong
424 influence of topography on the spatial distribution of surface thermal extremes.

425 Overall, the map highlights a clear altitudinal and physiographic control on maximum
426  LST, with low-elevation regions exhibiting the greatest susceptibility to extreme surface
427  heating during heatwave events. The persistence of these spatial hotspots throughout the study
428  period suggests that southern and southeastern Romania represent the most thermally
429  vulnerable regions, whereas mountainous areas act as persistent thermal refugia during extreme
430  summer conditions.

431 Representative examples of the most intense heatwave days during the 2000-2025
432  period are presented in Figure S4 to illustrate the spatial distribution of extreme LST. Although
433 the summers of 2007, 2012, 2022, 2024, and 2025 were all characterized by extensive areas of
434 exceptionally high LST, only selected days are shown to highlight the spatial variability of these
435  events.
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437 Figura 8. LST maximum values during heatwaves 2000-2025

438 The 24 July 2007 event was characterized by very high LST over Dobrogea, the Bardgan
439  Plain, and the Moldavian Plateau, whereas the August 2012 heatwave produced the largest
440  spatial concentration of exceptionally high LST across central Romania, despite the highest
441  absolute LST values remaining concentrated in the southern lowlands.

442 The selected event from July 2022 illustrates the pronounced warming over western
443  Romania, while the July and August 2024 examples demonstrate the exceptional spatial extent
444 of extreme LST simultaneously affecting southern, eastern, and western Romania. Comparable
445  large-scale patterns were also recorded during the exceptional summer of 2025. Overall,
446  satellite observations from the major heatwave years indicate that the most intense surface
447  heating consistently occurred across the lowlands of southern and southeastern Romania,
448  particularly within the Romanian Plain, Dobrogea, and the Baragan Plain, where LST locally
449  exceeded 50°C. These findings confirm that the southern lowlands remain the region most
450 exposed to extreme summer surface temperatures, while recent heatwaves have become
451  progressively more spatially extensive, affecting increasingly larger areas of the country,
452 including central and western Romania

453 Synoptic analysis of the landmark 2007 event highlights the physical footprint of extreme
454  anticyclonic blocks. During the 15-25 July thermal wave, the advection of continental tropical
455  air masses pushed afternoon surface temperatures past critical thresholds, triggering the first
456  historical warm-season Red Code alert for the southern tier (Dolj, Olt, Teleorman, Giurgiu, and
457  Ilfov counties). This institutional severity index aligns precisely with the MODIS overpass
458  signatures (~10:30—12:10 UTC), which captured a contiguous radiometric core exceeding 40°C
459  across the southern lowlands (Fig. S4).

460 Similarly, the macro-climatic shifts of August 2012 demonstrate severe land-surface
461  feedback dynamics. During this event, the meteorological station network registered an
462  absolute air temperature peak of 41.5°C in Bucharest (Filaret), breaking a multi-decadal record
463  dating back to August 1945. The simultaneous satellite imagery validates this extreme
464  atmospheric forcing, mapping expansive surface anomalies where radiometric LST consistently
465  surpassed 50°C in the eastern and southern sectors during the initial wave (6—7 August) and
466  localized values above 44°C extending into the Danube Valley and central tablelands during
467  the secondary wave (23-26 August) (Fig. S4).

468 This compounding pattern of spatial expansion and increased frequency peaked during
469  the 2024 warm season. June and August 2024 were documented as the hottest corresponding
470  months since 1901, leading to an unprecedented administrative response with yellow, orange,
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471  or red warnings active on 15 days in June, 20 days in July, and 22 days in August. Critically,
472 the mid-July peak (15—17 July) marked the first synchronous nationwide Red Code deployment
473  in Romanian meteorological history. The spatial manifestation of this extreme forcing is
474  physically mapped by the MODIS layers, which delineate a continuous surface thermal
475  footprint exceeding 50°C enveloping the entire Romanian Plain and Dobrogea Plateau, with
476  extensive high-temperature cells invading the Moldavian Plateau and the Western Plain.

477 The cumulative number of heatwave warning days during 2006-2025 exhibits a clear
478  regional concentration in southern Romania, particularly over the southern lowlands The
479  highest totals were recorded in Dolj, Teleorman, Olt, Giurgiu, [l1fov, Bucharest-Ilfov region,
480  and Cilarasi, followed by several neighbouring counties located within the Romanian Plain and
481  Lower Danube Plain (Fig. S6). In all administrative units, yellow warnings constitute the largest
482  share of warning days, indicating that most heatwave events were of moderate severity, whereas
483  orange warnings contributed substantially to the cumulative totals.

484 In contrast, northern and central mountainous counties experienced substantially fewer
485  warning days. This spatial pattern closely mirrors the distribution of maximum land surface
486  temperatures and the Heat Vulnerability Index presented in the previous sections, confirming
487  the greater susceptibility of the southern Romanian lowlands to prolonged heat stress (Fig S7).
488 The three warning categories display distinct spatial characteristics. Yellow warnings
489  were the most frequent and affected almost the entire country, although their cumulative
490  number was considerably higher in southern Romania than elsewhere (Fig. S7a).

491 Orange warnings were concentrated primarily across the southern and western
492  lowlands, indicating a greater occurrence of more severe heatwave conditions in these regions
493  (Fig. S7d). Red warnings were comparatively infrequent but showed a clear concentration in
494  the Romanian Plain and Lower Danube Plain (Fig. S7g), emphasizing that the most extreme
495  thermal events repeatedly affected the same geographical areas.

496 The maps of the longest consecutive warning sequences (Fig. S7b, S7e, and S7h) further
497  demonstrate that southern counties experienced not only the highest number of warning days
498  but also the longest uninterrupted heatwave episodes, indicating greater persistence of extreme
499  thermal conditions.

500 The temporal distribution of the most persistent warning episodes also exhibits
501 considerable regional variability. The longest yellow-warning sequences occurred during
502  different years across Romania, reflecting the spatial heterogeneity of moderate heatwave
503 events (Fig. S7c). In contrast, the longest orange-warning episodes were predominantly
504  associated with the recent period (2021-2024), while the longest red-warning sequences
505  occurred mainly during the exceptional summer of 2024 (Fig. S7i). Similarly, the year with the
506  maximum consecutive heatwave warning days, irrespective of warning level, was 2024 for most
507  counties in southern Romania, whereas northern and central regions reached their maximum
508  persistence during earlier events, particularly 2007 and 2012 (Fig. S7k). Finally, the cumulative
509  warning severity index (Fig. S71), integrating the contribution of yellow, orange, and red
510 warnings, identifies the Romanian Plain, the Lower Danube Plain, and the Bucharest
511  metropolitan area as the regions experiencing the greatest overall heatwave burden during the
512  study period.

513 The spatial distribution of HVI reveals pronounced regional differences in vulnerability
514  to extreme heat across Romania (Fig. 9). The highest HVI values (0.60—0.80) are concentrated
515  inthe southern lowlands, with the Bucharest metropolitan area emerging as the most prominent
516  hotspot of heat vulnerability. High vulnerability (0.45—0.60) extends across large sectors of the
517 Romanian Plain and Lower Danube Plain, indicating areas where intense thermal exposure
518  coincides with less favourable socioeconomic conditions and reduced adaptive capacity.
519  Moderate HVI values (0.30-0.45) characterize extensive areas of western and eastern Romania,
520  whereas the lowest vulnerability levels (<0.30) are predominantly associated with the
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521  Carpathian Mountains and other high-altitude regions. This spatial pattern closely reflects the
522  combined influence of physiographic conditions, settlement distribution, and heat exposure,
523  emphasizing the strong contrast between densely populated lowlands and the cooler
524  mountainous regions.

525 Overall, the results identify southern Romania as the area most susceptible to heat-
526  related impacts, highlighting the need for targeted adaptation and mitigation measures in these
527 regions. The strong spatial agreement between warning frequency, warning persistence,
528  cumulative warning severity, maximum land surface temperatures during heatwaves days, and
529  the HVI demonstrates that southern Romania has experienced a systematic intensification of
530 heatwave conditions over the last two decades. These findings identify the Romanian Plain,
531  (including the Bucharest metropolitan area) as the country's principal hotspot of heat-related
532 risk and emphasize the growing persistence and severity of extreme summer conditions in
533  recent years.

534 The distribution of the Romanian population across the HVI classes indicates that a
535  considerable share of the population is exposed to elevated heat vulnerability (Fig. 10). More
536  than 3 million inhabitants (approximately 16.5% of the national population) fall within the High
537 and Very High HVI classes (0.45-0.80), whereas fewer than 300,000 people (approximately
538  1.2% of the national population) belong to the Very Low vulnerability class (0-0.15).

539 Although the largest absolute number of elderly residents occurs in the Moderate HVI
540  class (1.75 million), the relative contribution of older adults to the total population increases
541  with heat vulnerability, reaching 22.34% in the High HVI class before slightly declining to
542 18.82% in the Very High class (Fig. 10D-E).
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544 Figure 9. Spatial distribution of the population-grid Heat Vulnerability Index (HVI) across Romania
545 The progressive increase in HVI is accompanied by a corresponding increase in thermal

546  exposure and warning severity. Mean land surface temperature (LST) rises from 36.71°C in the
547  Very Low HVI class to 50.8°C in the High class, respectively 49°C in the Very High class,
548  while the weighted warning severity index more than doubles, increasing from 113.6 to 465.6.
549  These results indicate a strong positive relationship between heat vulnerability, thermal
550  conditions, and the cumulative severity of heatwave warnings. Population age structure shows
551  aslight increase across the HVI classes. The proportion of residents aged 65 years or older rises
552  from 18.40% in the Very Low class to a maximum of 22.83% in the High class, before
553  decreasing slightly to 18.82% in the Very High class. Overall, the results suggest a modest
554  tendency for higher-vulnerability areas to contain a relatively larger share of elderly residents,
555  although the differences among classes are not pronounced.
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556 Consequently, the highest HVI classes combine elevated thermal exposure, more severe
557  heatwave conditions, and a greater concentration of elderly residents, identifying these areas as
558  priority targets for heat adaptation and public health interventions.
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560 Figure 10. Heat Vulnerability Index (HVI) statistics by class (fixed thresholds: 0-0.15; 0.15-0.30; 0.30-0.45;
561 0.45-0.60; 0.60-0.80)
562 The county-level Heat Vulnerability Index reveals a pronounced spatial concentration of
563  heat-related vulnerability in southern Romania (Fig. 11). Bucharest exhibits the highest mean
564  HVI (0.61), followed by Teleorman, Dolj, Olt, Calarasi, Giurgiu, and Ialomita, confirming the
565  Romanian Plain as the country's principal hotspot of heat vulnerability. Overall, the 18 highest-
566 ranked counties are predominantly located in southern and southeastern Romania, where
567 elevated land surface temperatures coincide with high population density, increased heatwave
568  severity, and a relatively large proportion of elderly residents.
569 The decomposition of HVI into its three main components demonstrates that heat
570  vulnerability is driven by the combined effects of hazard, exposure, and demographic
571  vulnerability, although their relative contribution varies among counties. Bucharest and Ilfov
572  are primarily characterized by exceptionally high exposure resulting from very high population
573  density, whereas counties such as Teleorman, Olt, and Dolj combine elevated thermal hazard
574  with a comparatively larger elderly population. This confirms that high vulnerability does not
575  result from a single factor but from the interaction of climatic and socioeconomic conditions.
576 The relationship between thermal hazard and the proportion of residents aged 65 years
577  further highlights distinct vulnerability profiles. Counties such as Teleorman and Olt combine
578  high thermal hazard with a large elderly population, whereas Bucharest is distinguished by
579  the highest exposure despite a lower proportion of elderly residents. Conversely, several
580 central counties exhibit comparatively low hazard and lower vulnerability, emphasizing the
581  strong regional contrast in heat-related risk across Romania.
582 The standardized comparison of HVI components confirms the predominance of southern
583  counties, which consistently display above-average values for hazard, land surface temperature,
584  warning severity, and overall HVI. Population exposure reaches its highest values in Bucharest
585 and Ilfov, whereas demographic vulnerability is particularly pronounced in Teleorman and Olt.
586  These differences illustrate the heterogeneous mechanisms through which heat vulnerability
587  develops across Romania.
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588 The population analysis indicates that 3.15 million inhabitants (16.5% of Romania's
589  population) live in areas classified as having high heat vulnerability (HVI > 0.45). Bucharest
590 alone accounts for approximately 1.82 million inhabitants within this class, representing 9.5%
591  of the national population, followed by Dolj, Olt and Teleorman counties.

592 These findings emphasize the substantial concentration of heat-related risk within the
593  southern urban and lowland regions and highlight the importance of prioritizing adaptation
594  measures in these areas. Heat vulnerability is greatest in the southern Romanian lowlands and
595  progressively decreases towards the central and mountainous regions.
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596
597 Figure 11. Heat Vulnerability Index (HVI) by county
598 The spatial distribution of household air conditioning (AC) ownership broadly follows

599 this pattern, with the highest shares observed in Bucharest, Constanta, and Timis, whereas
600 considerably lower AC penetration characterizes counties such as Harghita, Covasna, Suceava,
601 and Maramures. As shown in Figure 12, average household AC ownership increases
602  consistently with HVI, rising from 6.0% in counties classified as having low vulnerability to
603  28.9% in those with very high vulnerability (Fig. S8). This spatial correspondence indicates
604  that residential cooling has been adopted more extensively in areas exposed to greater heat
605  stress. Nevertheless, even within the highest HVI class, fewer than one-third of households are
606  equipped with AC. Moreover, several counties with high or very high heat vulnerability,
607  including Teleorman, Olt, Dolj, Giurgiu, and Cilarasi, still exhibit relatively modest AC
608  ownership, suggesting that adaptive capacity remains insufficient in some of the regions most
609  exposed to extreme summer heat.

16



https://doi.org/10.5194/egusphere-2026-4415
Preprint. Discussion started: 11 August 2026
(© Author(s) 2026. CC BY 4.0 License.

610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644

20 2 e %€ @E W0°E
|

) \
= l Locaiities = =
217 o so000-100000 ~ %
©100000-200000 =
©>200000 @i
lakes / 3
3 { e
5 25 ; ) ol
bl & TN S vy
< g 1 5].;\%5"“"'1935?{, e
.zﬁ S0 }Tu F;FArgu Myfes
r gt
2 R g M:@Q
= b L Ll T F
N e Sibiu ,§ S A )
G e
3 { “
WS 8
- / {
“
°, 7
v Gl %

onstanta *
o

{
\ BULGARIA °

Figure 12. Spatial relationship between household air conditioning (AC) availability and the Heat Vulnerability
Index (HVI) across Romania.

Discussions

The Heat Vulnerability Index is a composite indicator designed to identify populations
and areas most susceptible to the adverse impacts of extreme heat. Rather than relying solely
on temperature, HVI integrates multiple environmental, demographic, health, and
socioeconomic indicators to provide a spatial representation of heat-related risk. Although
individual methodologies differ, most HVI frameworks are based on the conceptual approach
proposed by the Intergovernmental Panel on Climate Change (IPCC), which defines
vulnerability as the interaction between hazard (or exposure), sensitivity, and adaptive capacity
(Reid et al., 2009; Bao et al., 2015; Niu et al., 2021; Qian and Liu, 2025).

HVT has become one of the most widely used approaches for identifying populations and
regions at risk from extreme heat (Bao et al., 2015). Most HVI studies conceptualize
vulnerability as the interaction between three main dimensions: heat exposure (hazard),
population sensitivity, and adaptive capacity, although the specific indicators and weighting
methods vary considerably among studies (Niu et al., 2021; Qian et al., 2025).

Previous studies have predominantly focused on urban environments and metropolitan
areas, where HVI has been derived by combining remotely sensed thermal indicators with
demographic and socioeconomic variables. Common exposure indicators include land surface
temperature (LST), urban heat island intensity, vegetation indices (NDVI), impervious
surfaces, or land-cover characteristics obtained from Landsat or MODIS imagery, whereas
sensitivity and adaptive-capacity indicators typically include population density, age structure,
income, education, housing conditions, and access to cooling (Inostroza et al., 2016).

Li et al. (2024) argued that one of the main limitations of current HVI studies is the lack
of standardized methodologies, inconsistent indicator selection, reliance on administrative
units, and limited temporal coverage. They proposed that future heat vulnerability assessments
should integrate long-term remote sensing observations, grid-scale spatial analysis, and
continuous monitoring to improve robustness and support climate adaptation planning.

Reid et al. (2009) demonstrated that heat vulnerability is determined not only by thermal
exposure but also by a combination of demographic, socioeconomic and environmental
characteristics. Their Heat Vulnerability Index incorporated variables describing age structure,
education, poverty, social isolation, diabetes prevalence, vegetation cover and household air
conditioning availability, highlighting that the highest heat-related mortality risk occurs where
high temperatures coincide with socially vulnerable populations and limited adaptive capacity.
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645 The inclusion of household air conditioning availability from the recent census database
646 in the present study was integrated specifically as a macro-scale operational proxy for
647  technological adaptive capacity. In heat vulnerability architecture, air conditioning represents
648  the most direct spatial baseline for indoor thermal regulation and active heat-stress mitigation.
649  However, to avoid ecological fallacies stemming from the inherent scale mismatch between the
650  administrative data and the physical climate parameters, these statistics were treated strictly as
651  a macro-regional contextual overlay at the county level rather than being integrated directly
652 into the high-resolution pixel calculations. This strategic decoupling prevents the spatial
653  smoothing of localized grid variations while still providing public health administrators with a
654  crucial, aggregate overview of where high regional physical vulnerability intersects with
655  systemic deficits in residential cooling infrastructure across Romania.

656 Unlike most previous HVTI studies, which evaluate vulnerability for individual cities or
657  metropolitan regions using one or several satellite images representing specific heatwave
658  events, the present study adopts a long-term national-scale approach. Heat exposure was
659  characterized using a 26-year MODIS LST archive (2000-2025), combined with the complete
660 record of official Romanian heatwave warnings and population-based indicators. The analysis
661  was performed on a population-grid framework, enabling a spatially continuous assessment of
662  heat vulnerability across the entire territory of Romania rather than within a single urban area.
663 To our knowledge, this represents the first national-scale Heat Vulnerability Index
664  developed for Romania using a 26-year MODIS LST climatology combined with official
665  operational heatwave warnings and 1-km population-grid data.

666 Direct spatial validation of the computed Heat Vulnerability Index using long-term, geo-
667  referenced epidemiological datasets—such as daily cause-specific mortality or emergency
668 ambulance dispatches—was constrained by institutional data-sharing limitations and the
669  historical unavailability of continuous, fine-scale medical registries tracking a multi-decadal
670  timeline across Romania. Consequently, the index developed in this study is explicitly designed
671  to function as a macro-scale, predictive screening tool to assist public health resource allocation,
672  rather than an empirical epidemiological model. Despite this data constraint, the spatial
673  distribution of the high and very high vulnerability classes provides robust proxy validation, as
674  these areas directly overlap with regions documented in historical literature to bear the highest
675  health impacts during severe thermal blocks. For instance, the pronounced vulnerability
676  hotspots identified along the southern and western lowlands, as well as major metropolitan areas
677  like Bucharest, strongly coincide with established regional literature detailing peak spikes in
678  cardiovascular stress, heat-related morbidity, and excess urban mortality during past extreme
679  heatwaves. This structural alignment confirms that even in the absence of direct, fine-scale
680  historical health data, combining satellite-derived exposure with standardized demographic
681 indicators yields a highly reliable geographic baseline for proactive climate adaptation
682  planning.

683 This extreme concentration of vulnerability in the capital city empirically highlights the
684  "urban heat risk penalty," where high population density synergistically amplifies satellite-
685  derived surface thermal anomalies. This spatial pattern aligns closely with recent microclimatic
686  findings in southern European metropolises, such as Athens and Budapest, where compact high-
687  rise urban fabrics exhibit a severe deficit in thermal regulation compared to their rural
688  peripheries (Constantinou et al., 2024; Kerényi et al., 2025). The fact that the metropolitan
689  population is structurally locked into the highest HVI tiers confirms that urban vulnerability in
690 Romania is primarily driven by exposure magnitude rather than localized demographic
691  sensitivity variations alone. This critical structural imbalance demands immediate, targeted
692  macro-scale green infrastructure intervention to break the surface energy retention loop within
693  the capital's densest residential sectors.
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694 Another distinctive aspect of this study is the explicit incorporation of the operational
695  heatwave warning system into the HVI framework. While most published indices rely primarily
696  onthermal variables derived from satellite observations or air temperature records, the proposed
697 methodology integrates the cumulative severity and persistence of official meteorological
698  warnings together with satellite-derived LST and demographic indicators. Consequently, the
699  resulting HVI reflects not only long-term thermal exposure but also the actual operational
700  warning conditions experienced by the population during heatwave events.

701 The observed agreement between HVI, long-term MODIS LST, heatwave warning
702  severity, and the spatial distribution of elderly population provides indirect validation of the
703  proposed index. Counties classified as highly vulnerable consistently exhibited higher surface
704  temperatures, more persistent and severe heatwave warnings, and a greater concentration of
705 elderly residents, suggesting that the adopted framework successfully captures both the physical
706  and socioeconomic dimensions of heat-related vulnerability.

707 Similar to Adnan et al. (2024), who incorporated long-term MODIS-derived land surface
708  temperature into a Heat Vulnerability Index (HVI) framework, our study demonstrates the value
709  of satellite-derived LST for identifying spatial patterns of heat exposure at the national scale.
710 In both studies, areas characterized by persistently elevated LST generally coincide with the
711 highest levels of heat vulnerability.

712 Satellite-derived LST products are inherently limited by cloud cover, as reliable surface
713 temperature retrievals are only available under clear-sky conditions. Consequently, evaluating
714 cloud cover during heatwave-warning days provides an important assessment of the potential
715  influence of cloud-related data gaps on the LST climatology presented in this study.

716 Cloud cover during heatwave-warning days was analysed to provide additional context
717  for the observed land surface temperature patterns. As shown in Figure S9, heatwave events in
718  Romania occurred predominantly under low-cloud conditions, with an average cloud cover of
719  28.5% and a median of 22.6%. The positive skewness of the distribution indicates that highly
720  cloudy heatwave days were relatively uncommon.

721 Monthly differences were relatively small, although August exhibited a slightly lower
722 median cloud cover than June and July, suggesting that late-summer heatwaves were generally
723 associated with clearer atmospheric conditions. This is consistent with the higher land surface
724  temperatures observed during August, when reduced cloudiness allows greater incoming solar
725  radiation and enhanced surface heating.

726 The annual boxplots indicate considerable interannual variability in cloud cover during
727  heatwave events, with no clear long-term trend over the study period. Nevertheless, recent years
728  (2022-2025) show a wider range of cloud cover values, reflecting the occurrence of heatwaves
729  under both clear and moderately cloudy conditions.

730 The heatmap further demonstrates that the majority of heatwave-warning days were
731  associated with cloud cover below 40-50%, whereas events exceeding 70% cloud cover
732 occurred only occasionally. These results suggest that most heatwaves developed under
733  conditions favourable for strong surface heating, while only a small proportion of events were
734 accompanied by substantial cloudiness (Figure S9).

735 Although MODIS provides a consistent long-term dataset, the 1-km spatial resolution
736  does not capture fine-scale urban thermal heterogeneity, particularly within large cities. Future
737  studies should integrate higher-resolution Landsat or ECOSTRESS observations to better
738  characterize intra-urban heat exposure.

739 Future work will explicitly address the multi-dimensional complexity of heat stress by
740  expanding the purely satellite-derived framework. While the current 1-km Heat Vulnerability
741 Index (HVI) provides a robust operational screening baseline, incorporating high-resolution
742 spaceborne indicators of adaptive capacity and bioclimatic comfort remains a priority.
743 Subsequent iterations of the model will integrate MODIS 16-day maximum value composite



https://doi.org/10.5194/egusphere-2026-4415
Preprint. Discussion started: 11 August 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

744  NDVI (MOD13A2) and Evapotranspiration (MOD16A2) products directly into the baseline
745  pixel calculations. This will transition the adaptive capacity component from coarse,
746  administrative county-level air conditioning statistics to continuous, grid-scale metrics of urban
747  green infrastructure and canopy-driven evapotranspirative cooling. Furthermore, to capture the
748  synergistic effects of humidity and nocturnal thermal persistence—critical drivers of
749  cardiovascular morbidity—future developments will incorporate MODIS night-time LST
750  retrievals alongside column atmospheric water vapor profiles (MODO7 L2) to compute
751  spatialized Satellite Temperature-Humidity Indices (S-THI). Finally, to overcome the
752  systematic clear-sky bias inherent to thermal infrared remote sensing during humid, transitional
753  heatwaves, localized temporal interpolation and neighboring-pixel weight algorithms will be
754  deployed within the Google Earth Engine workflow. This comprehensive expansion will allow
755  the HVI to evolve from a static vulnerability screening tool into a dynamic, cloud-corrected
756  biometeorological early-warning framework.

757
758 Conclusions
759 This study provides the first long-term, national-scale assessment of heat hazard and heat

760  vulnerability in Romania by integrating a 26-year MODIS Land Surface Temperature (LST)
761  archive (2000-2025), official heatwave warnings, and population-grid demographic data within
762  a unified Heat Vulnerability Index (HVI). The proposed framework combines satellite
763  observations with operational meteorological information, allowing both the thermal intensity
764  of heatwaves and the spatial distribution of vulnerable populations to be evaluated
765  simultaneously.

766 The results demonstrate a clear intensification of summer thermal conditions across
767 Romania during the study period. August exhibited the strongest warming trend (1.76°C
768  decade™), followed by July (0.82°C decade™), while seasonal (JJA) warming reached 0.84 °C
769  decade™! across almost the entire country. The hottest summers were recorded in 2025, 2024,
770 2012 and 2007, whereas July 2007 remained the month with the highest mean LST (35.4°C).
771 Recent summers (2021-2025) were characterized not only by higher temperatures but also by
772 substantially longer and more persistent heatwave episodes.

773 The spatial analyses consistently identified the Romanian Plain, the Lower Danube Plain,
774 Dobrogea and the western lowlands as the principal hotspots of extreme surface heating. During
775  the most severe events, maximum LST frequently exceeded 50°C, while mountainous regions
776  remained substantially cooler owing to the combined influence of altitude and land cover. The
777  strong relationship between MODIS-derived LST and maximum air temperature (R? = 0.68)
778  further confirms the suitability of satellite observations for large-scale heatwave monitoring.
779 The integration of long-term LST, cumulative heatwave-warning severity, population
780  density and the proportion of elderly residents revealed pronounced regional differences in heat
781  vulnerability. The highest HVI values were concentrated in southern Romania, particularly
782  within the Bucharest metropolitan area and the surrounding counties of Teleorman, Dolj, Olt,
783  Caldrasi, Giurgiu and Ialomita. Approximately 3.15 million inhabitants (16.5% of Romania's
784  population) live in areas classified as having high heat vulnerability, emphasizing the
785  substantial concentration of heat-related risk within densely populated southern lowlands.

786 The comparison between household air-conditioning availability and HVI indicates that
787  adaptive capacity remains insufficient in many of the regions experiencing the greatest thermal
788  stress. Although air-conditioning ownership increases with vulnerability, fewer than one-third
789  of households in the highest HVI class are equipped with air-conditioning systems, and several
790  counties characterized by high HVI still exhibit relatively limited cooling capacity. These
791  findings suggest that socioeconomic adaptation has not kept pace with the rapid increase in heat
792 exposure.

20
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793 From a methodological perspective, this study demonstrates the added value of
794  combining long-term satellite observations with operational meteorological warnings and
795  demographic information within a population-grid framework. Unlike previous studies focused
796  primarily on urban environments or individual heatwave events, the proposed approach
797  provides a spatially continuous national assessment of heat vulnerability that can be readily
798  updated using routinely available satellite and meteorological products.

799 Overall, the results indicate that southern Romania has become increasingly exposed to
800 more frequent, persistent and intense heatwaves, while demographic characteristics further
801  amplify vulnerability in many counties. The proposed Heat Vulnerability Index provides a
802  practical tool for identifying priority areas for climate adaptation, public-health interventions
803  and heat-risk management, supporting evidence-based decision making under future climate
804  warming.

805 The integration of long-term Earth Observation data, operational meteorological
806  warnings, and population-based indicators provides a robust and transferable framework for
807 identifying heat-vulnerability hotspots and supporting evidence-based climate adaptation,
808  public health planning, and sustainable territorial management in Romania and other regions
809  facing increasing heat stress.

810 In conclusion, the 1-km Heat Vulnerability Index (HVI) developed in this study
811  transcends theoretical mapping, establishing an empirical blueprint for targeted climate
812  resilience in Romania. By bridging the operational gap between satellite-derived macro-
813  climatic hazards and fine-scale human demography, this framework provides public health
814  authorities, urban planners, and emergency services with an actionable diagnostic tool. As
815 summer thermal extremes continue to accelerate in both frequency and severity, as
816  demonstrated by the record-breaking events of 2024 and 2025, the proactive spatial allocation
817  of resources - ranging from localized green infrastructure expansion to the optimization of
818  emergency medical dispatches - will become paramount. This study delivers the geographical
819  baseline necessary to transition from reactive crisis management to evidence-based,
820  preventative climate adaptation planning at a nationwide scale.
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841 and is publicly available at https.//developers.google.com/earth-
842  engine/datasets/catalog/MODIS 061 _MYDIIA]l.
843 The original products are provided by the NASA Land Processes Distributed Active

844  Archive Center and are referenced by https://doi.org/10.5067/MODIS/MOD11A1.061 and
845  https://doi.org/10.5067/MODIS/MYDI11A1.061.

846 The 2021 population grid data, including total population and population aged 65 years
847 and over at 1km? resolution, are publicly available from FEurostat GISCO at
848  https://ec.europa.eu/eurostat/web/gisco/geodata/population-distribution/population-grids.

849  County-level census data on household air-conditioning availability are available from the final
850 results of the Romanian Population and Housing Census 2021  at
851  https://www.recensamantromania.ro/rezultate-rpl-2021/rezultate-definitive/.

852 The daily gridded maximum air temperature data are available from the Romanian
853  National Meteorological Administration through the Romanian Open Data Portal at
854  https://data.gov.ro/dataset/date-meteorologice-zilnice-gridate.

855 The official yellow-, orange-, and red-level heat-warning records used in this study were
856  obtained from the operational archive of the Romanian National Meteorological Administration
857  (ANM). The harmonized historical warning archive is not publicly available because it is an
858 institutional data product whose dissemination and redistribution are subject to ANM data-
859 access rules and prior institutional authorization. Consequently, the authors are not authorized
860 to independently deposit these data in a public repository. Requests for access may be submitted
861  tothe corresponding author (anisoara.irimescu@meteoromania.ro) or to the Romanian National
862  Meteorological Administration (relatii@meteoromania.ro; https://www.meteoromania.ro/).
863  Access may be granted upon request, subject to institutional approval.
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