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Abstract. Amidst unprecedented rising global temperatures,
this study investigates the historical context of heat wave
(HW) events in Eastern Europe. The record-breaking 2023
summer, featuring a HW lasting for 19 d in the southeast-
ern part of Romania, extending up to Ukraine, necessitates a
deeper understanding of past extreme events. Utilizing statis-
tical methods on long-term station data spanning from 1885
to 2023, we aim to detect and analyze historical HWs, partic-
ularly focusing on events predating 1960. This extended time
frame allows for a more comprehensive assessment of note-
worthy extremes compared to recent decades. We used both
a percentile-based threshold and a fixed absolute tempera-
ture threshold to identify HW events. Our analysis identifies
two critical periods with increased HW frequency and in-
tensity: 1920–1965 and 1980–2023, respectively, highlight-
ing the most extreme events in August 1946, August 1952,
July 2012, June 2019, and August 2023. Furthermore, re-
analysis data show that historical HWs, similar to the 2023
event, were associated with large-scale European heat ex-
tremes linked to high-pressure systems, and they were ac-
companied by extreme drought, thus leading to compound
extreme events. We find that while a clear trend emerges to-
wards more frequent HWs from the 1980s onward, the analy-
sis also uncovers substantial HW activity on daily timescales
throughout the 1885–1960 period. Moreover, we highlight
the intertwined impacts of climate change and multidecadal
internal variability on HW patterns, with evidence suggesting
that both contribute to the increasing frequency and inten-

sity of these extreme events. Attribution analysis reveals that
the extreme summer temperatures observed in 2023 would
not have been possible in the absence of anthropogenic cli-
mate change. Regardless of future warming levels, such tem-
peratures will occur every year by the end of the century.
Our research highlights the value of extending the historical
record for a more nuanced understanding of HW behavior
and suggests that extreme heat events, comparable to those
experienced in recent decades, have occurred throughout the
analyzed period.

1 Introduction

Global warming poses a significant threat, as indicated by
the projected increase in the magnitude and frequency of
heat wave (HW) events across Europe and globally (Fischer
and Schär, 2010; IPCC, 2021a; Perkins and Alexander, 2013;
Russo et al., 2019; Manning et al., 2019; Doshi et al., 2023).
These events have devastating consequences, exemplified by
the designation of HWs as the leading cause of weather-
related fatalities in the USA by the National Weather Ser-
vice (Robinson, 2001; IPCC, 2021a). Europe has also seen a
marked increase in both the frequency and intensity of these
events in the last few decades, with severe socio-economic
consequences. For example, ∼ 70000 lives were lost in the
2003 European HW (Robine et al., 2008; García-Herrera et
al., 2010), while the 2022 summer HW in Europe and the
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UK caused an estimated 15 000 and 3200 deaths, respec-
tively (Ballester et al., 2023). The impact of heat extremes
is not equally distributed, with race, class, and gender dis-
parities playing a significant role in vulnerability (Benz and
Burney, 2021; Chakraborty et al., 2019). These disparities
can be attributed to factors such as the urban heat island
effect, varying levels of tree cover and green spaces across
socioeconomic groups, and the density of the built environ-
ment. While a single hot day may not significantly increase
mortality, consecutive days of extreme heat, particularly with
high nighttime temperatures, can lead to a substantial rise
(Perkins, 2015; Barriopedro et al., 2023; Ma et al., 2024).

Eastern Europe in particular, a region historically char-
acterized by moderate temperatures, has witnessed a con-
cerning rise in the frequency and magnitude of HWs in re-
cent decades (Ionita et al., 2021; Nagavciuc et al., 2022b;
Croitoru et al., 2016; Croitoru and Piticar, 2013). These
extreme weather events pose a significant threat to human
health, ecosystems, and infrastructure. Furthermore, in East-
ern Europe, there are many urban areas with limited green
spaces, which suffer disproportionately during HWs, de-
manding immediate attention and comprehensive mitigation
strategies. Several factors contribute to the increasing preva-
lence of HWs in Eastern Europe. Climate change intensi-
fied by human activities such as the emission of greenhouse
gases, alongside natural variability, plays a pivotal role in
the occurrence, magnitude, and frequency of these events
(Luo et al., 2023). Rising global temperatures create con-
ducive conditions for the development and persistence of
high-pressure systems, leading to stagnant air masses and
amplifying HWs and droughts (Han et al., 2022; Bakke et
al., 2023; Ma and Franzke, 2021). Additionally, regional fac-
tors like changes in the atmospheric and oceanic circulation
patterns coupled with land use practices further exacerbate
the issue (Vautard et al., 2023; Vaideanu et al., 2020). The
consequences of HWs in Eastern Europe are far-reaching
and multifaceted, demanding immediate attention and com-
prehensive mitigation strategies. The most immediate impact
is on mortality and human health, with increased risks of
heatstroke, dehydration, and cardiovascular complications,
particularly among vulnerable populations like the elderly
and young children (European Environment Agency, 2022;
Vicedo-Cabrera et al., 2021). HWs also disrupt agricultural
production, leading to crop failures and impacting food se-
curity (Malik et al., 2022). Furthermore, they exacerbate
drought conditions, straining water resources and increasing
the risk of wildfires (Zscheischler et al., 2018; Brando et al.,
2019; Ionita and Nagavciuc, 2020; Laaha et al., 2017). Given
these pressing challenges, this study delves into the multi-
faceted phenomenon of HWs in Eastern Europe, exploring
their causes and impact.

Common definitions of HWs rely on exceeding fixed tem-
perature thresholds or deviations from normal values, such as
daily mean or maximum temperatures (Cowan et al., 2014;
Barriopedro et al., 2023; Alexander, 2016). Understanding

these definitions is important for accurately monitoring HWs
and implementing effective response strategies. Here, we use
a historical approach to analyze HW occurrences since the
19th century in the eastern part of Europe, with a particular
emphasis on Romania. Examining past events offers valuable
insights into the decadal variability of extreme events (e.g.,
HW frequency and magnitude, cold spells, storms) as doc-
umented by previous studies (Beckett and Sanderson, 2022;
Hawkins et al., 2023; Lorrey et al., 2022; White et al., 2023).
Analyzing past extreme events expands the temporal sam-
ple for future studies, fostering a deeper understanding of the
underlying mechanisms driving such phenomena. This ex-
panded knowledge base allows also for improved prepared-
ness for similar events in the future, even those not readily
captured by current climate models (Van Oldenborgh et al.,
2022). Additionally, historical analysis transcends the limi-
tations of solely studying present-day climate, enabling re-
searchers to contextualize modern events like the recent Eu-
ropean summer HWs (e.g., 2003, 2015, 2019, 2022) within
a broader historical framework (Yule et al., 2023; Hegerl et
al., 2019). Therefore, this research leverages the valuable
information gained from past events to enrich our under-
standing of HW activity, ultimately contributing to improved
preparedness and contextualization of contemporary extreme
heat events over Europe.

This study focuses on analyzing HWs in Romania from the
19th century to the present, specifically from May through
September. Individual historical HWs are compared to con-
temporary events, such as the one from 2023, to explore po-
tential shifts in their characteristics (e.g., frequency, duration,
and magnitude). Long-term daily maximum temperature data
served as the foundation for identifying HWs in the target
period. Here, we make use of both of the already available
data, as well as newly digitalized data from old meteorolog-
ical yearbooks (Ionita and Nagavciuc, 2024). A regionally
specific definition of a HW is employed to optimize detec-
tion accuracy. Further, reanalysis data are used to analyze the
spatial extent and synoptic conditions associated with histori-
cal HWs. This integrated approach provides a comprehensive
assessment of the efficacy of long-term regional datasets in
capturing large-scale HW events. Section 2 details the obser-
vational data and methodology employed in our study. Sec-
tion 3 presents the main results. The discussion and the con-
cluding remarks are presented in Sect. 4.

2 Data and methods

HWs can be defined either by utilizing a threshold-based
methodology (Perkins, 2015) or by using the exceedance
of a fixed absolute value (e.g., daily maximum tempera-
ture≥ 30 °C) (Robinson, 2001). The threshold-based method
identifies HWs as periods where the daily maximum tem-
perature (TX) exceeds a specific percentile threshold for that
calendar day, taking into account the regional temperature
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variations. The fixed temperature threshold method defines
a summer as any day when the maximum temperature sur-
passes a fixed value (e.g., 30 °C). In our study, we used both
the threshold-based method, specifically employing the 90th
percentile of daily maximum temperatures within a 15 d win-
dow centered around each calendar day (Perkins and Alexan-
der, 2013), and the fixed absolute method for the number of
days with Tx≥ 30 °C (i.e., summer days). For the threshold-
based method, we have tested different HW durations (3–6
consecutive days) and selected a 5 d period for our analy-
sis. HW duration thresholds vary globally to reflect regional
climates: for example, in Canada (2+ days), Hungary and
France (3+ days), and China and Ukraine (5+ days). Our
choice of a 5 d threshold is suitable for Romania’s location
in Eastern Europe and our emphasis on extreme events (Na-
gavciuc et al., 2022b). This aligns with the recommendations
of the Expert Team on Climate Change Detection and Indices
(ETCCDI) and allows us to focus on disastrous, extreme HW
events. Our baseline for calculating the 90th percentile was
the period of 1971–2000. We also used the fixed threshold
method to count the number of summer days with the daily
maximum temperature ≥ 30 °C (TX30). We used the daily
maximum temperature records at 31 meteorological stations
over the period 1961–2023 (Fig. 1) and a dataset of longer-
term meteorological records covering the period 1885–2023.
A detailed description of the long-term meteorological sta-
tions and the period covered by daily TX records is given in
Table 1.

The daily maximum temperatures for the meteorological
stations (see Table 1) are taken from the European Climate
Assessment & Dataset (ECA&D) (Klein Tank et al., 2002).
The long-term meteorological records are a combination of
the time series extracted from ECA&D and newly digital-
ized daily meteorological records extracted from the yearly
reports of the Romanian meteorological service (Hepites,
1899; Ionita and Nagavciuc, 2024), which have been homog-
enized using the climatol R package (Guijarro et al., 2023) in
order to ensure data consistency and reliability. In addition
to the station-based daily records from Romania (Table 1),
we also use the gridded daily maximum temperature from
the E-OBS dataset (Cornes et al., 2018). Additionally, the
hourly data for the universal thermal climate index (UTCI),
which in an indicator of the outdoor thermal comfort lev-
els, have been computed based on the ERA5 dataset (Di
Napoli et al., 2021). To analyze the large-scale atmospheric
circulation pattern associated with the occurrence of HWs,
we use the daily and monthly geopotential height anoma-
lies at 500 mbar level (Z500) and the zonal and meridional
wind at the same level. For the Z500 and the correspond-
ing wind patterns associated with particular HW events (see
Sect. 3), we made use of the ERA5 dataset (Hersbach et
al., 2020), while for the long-term analysis (i.e., 1885–2023)
we made use of the NOAA/CIRES/DOE 20th Century Re-
analysis (V3) (NCEPV3) (Slivinski et al., 2019). The ERA5
dataset covers the period 1940–2023 and has a spatial reso-

Table 1. Names, coordinates, and length of data availability for the
stations used in this study. The stations in bold are the stations for
which long-term observations exist. In the current study, we will use
the term Bucuresti for the Bucuresti Filaret station and Vf. Omul for
the Varful Omu station.

Station Lat Long Data
availability
(daily TX)

Arad 46.13 21.35 1896–2023
Bacau 46.53 26.92 1961–2023
Baia Mare 47.67 23.5 1921–2023
Bistrita 47.15 24.5 1961–2023
Botosani 47.68 26.67 1961–2023
Brasov 45.65 25.62 1961–2023
Bucuresti Filaret (Bucuresti) 44.52 26.08 1885–2023
Buzau 45.13 26.85 1896–2023
Calarasi 44.21 27.32 1898–2023
Caransebes 45.42 22.25 1961–2023
Ceahlau 46.92 25.92 1961–2023
Cluj 46.78 23.57 1923–2023
Constanta 44.22 28.63 1961–2023
Craiova 44.23 23.87 1961–2023
Deva 45.87 22.9 1961–2023
Galati 45.50 28.02 1961–2023
Iasi 47.17 27.63 1961–2023
Miercurea Ciuc 46.37 25.73 1961–2023
Oc. Sugatag 47.78 23.93 1961–2023
Oradea 47.06 21.93 1961–2023
Rm. Valcea 45.10 24.37 1961–2023
Rosiorii de Vede 44.10 24.98 1961–2023
Satu mare 47.79 22.86 1961–2023
Suceava 47.66 26.27 1961–2023
Sibiu 45.80 24.15 1961–2023
Sulina 45.17 29.73 1961–2023
Tg. Jiu 45.03 23.27 1899–2023
Tr. Magurele 43.75 24.88 1896–2023
Dr. Tr. Severin 44.63 22.30 1896–2023
Tulcea 45.18 28.82 1961–2023
Varful Omu (Vf. Omu) 45.45 25.45 1928–2023

lution of 0.25°×0.25°, while the NCEPV3 covers the period
1885–2015 and has a spatial resolution of 1°× 1°. In order
to analyze the drought conditions associated with the occur-
rence of extreme HWs, we used the Standardized Precipi-
tation Evapotranspiration Index (SPEI) for an accumulation
period of 1 month (SPEI1) (Vicente-Serrano et al., 2010).
The precipitation and evapotranspiration datasets needed to
compute SPEI have been extracted from the E-OBS dataset
(Cornes et al., 2018).

The large-scale anomaly patterns associated with long-
term changes in the frequency of summer days are analyzed
through composite map analysis (von Storch and Zwiers,
1999). The composite maps are computed for the years when
a certain index is higher (lower) than+0.75 (−0.75) standard
deviation. The difference between these averages is the com-
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Figure 1. Location of the meteorological stations used in this study and the location of the Carpathian Mountains.

posite map, where the differences are the anomalies. A sim-
ple t test determines the anomalies’ statistical significance.

3 Results

3.1 Variability, change, and drivers of summer days
(TX30)

This subsection investigates the changes in extreme sum-
mer temperatures at the national level within Romania. A
linear trend analysis was conducted on the number of sum-
mer days exceeding 30 °C (TX≥ 30 °C) at nine meteorolog-
ical stations possessing long-term data (details in Table 1).
The analysis considered both the entire data period (varying
per station) and the common time frame of 1961–2023 (pre-
sented in Fig. 2). Figure 2 shows a statistically significant
upward trend in the number of summer days at all stations,
particularly during the 1961–2023 period. Notably, Bucuresti
recorded the most substantial increase, with summer days ris-
ing by approximately 8.8 d per decade, followed by Calarasi,
with a 7.6 d increase per decade. Looking at the broader pe-
riod, starting from 1896, Tg. Magurele witnessed the most
significant increase (∼ 3.1 d per decade), while Arad came
in second with an increase of ∼ 2.9 d per decade over the
same period. The identified trends consistently point towards
an increase in summer days across Romania over the past

140 years. Analyzing the temporal evolution from a long-
term perspective also reveals multidecadal variability. Two
notable periods stand out: 1920–1970 and 1980 onwards,
both characterized by a rise in summer day frequency.

The 30-year probability density function (PDF) for some
of the long-term meteorological stations shows a very clear
pattern: the period 1991–2023 was the hottest one (e.g., in
terms of frequency of summer days) over the observational
record, while the period 1961–1990 was the least warm one
(e.g., in terms of the frequency of summer days). The dif-
ference in the number of summer days, at Bucuresti station,
between 1991–2023 and 1961–1990 is approximately 26 d
(Fig. 3a), which is statistically significant (p < 0.001, based
on a two-sample Wilcoxon rank test). At Calarasi there is an
increase of approximately 25 d (the highest one) in the fre-
quency of summer days over the period 1991–2023 relative
to the period 1961–1990. Overall, the period 1991–2023 is
the time frame with the highest frequency of summer days
at all stations, the period 1961–1990 is the time frame with
the smallest number of summer days, and the periods 1901–
1930 and 1931–1960 have a similar distribution in terms of
summer days. The difference in the number of summer days
between the periods 1991–2023 and 1961–1990 is statisti-
cally significant at all analyzed stations (Fig. 3).

Across all analyzed stations, a positive trend is evident
for the summer days, with the strongest increase observed in
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Figure 2. The total number of days with daily maximum temperature above 30 °C over the period 1885–2023 and the linear trend over the
period 1885–2023 (gray line) and over the period 1961–2023 (red line): (a) Arad, (b) Baia Mare, (c) Bucuresti, (d) Buzau, (e) Calarasi,
(f) Cluj, (g) Tg. Jiu, (h) Tr. Magurele, and (i) Dr. Tr. Severin. Analyzed time frame: May–September. Yellow colors indicate smaller values,
while red colors indicate higher values.

the southeastern part of the Romania. However, considerable
multidecadal variability is evident in the number of days with
TX> 30 °C. The dominant mode of multidecadal variability
in the climate system is the Atlantic Multidecadal Oscillation
(AMO; Kerr, 2000). In its positive phase, the AMO is charac-
terized by warmer temperature anomalies over the North At-
lantic (Enfield et al., 2001; Drinkwater et al., 2014; Knight et
al., 2006), significantly affecting the Northern Hemisphere’s
climate (Dima and Lohmann, 2007), including precipitation
(Vaideanu et al., 2018), land temperature (Knight et al., 2005;
Ionita et al., 2013), and sea ice (Vaideanu et al., 2023). There-
fore, variations in the sign and magnitude of the AMO could
be responsible for modulating the summer days over Roma-
nia. To test this hypothesis, we applied the empirical orthog-
onal function (EOF) technique for the time series of TX30
at nine stations over a common period (i.e., 1923–2023), and
we have looked at the first EOF and its corresponding tem-
poral evolution (i.e., PC1) (Fig. 4a). We choose the first EOF
(EOF1), as it captures 93 % of the total variance and extracts

the common signal from each station. This mode captures an
in-phase variability for all analyzed stations, and the corre-
sponding eigenvalues for each station are shown in Table 2.
This monopolar structure (positive values at all stations) sug-
gests that mainly the large-scale atmospheric and oceanic cir-
culation influences the multidecadal variability of the sum-
mer temperature over Romania. Its temporal evolution (PC1)
smoothed with a 21-year running mean filter resembles the
evolution of the summer (MJJAS) AMO index (Fig. 4a),
and the correlation coefficient between the smoothed PC1
and the smoothed summer AMO index is 0.94 (99 % signif-
icance level). A period with an increased frequency of sum-
mer days (1925–1965) was followed by a prolonged period
with a reduced number of summer days (1965–1990). The
last∼ 30 years of the analyzed interval are also characterized
by a higher frequency of summer days. High (low) frequency
of summer days occurs during the warm (cold) phase of the
AMO index. This builds on our previous work (Ionita et al.,
2013) where we have shown that the multidecadal variabil-

https://doi.org/10.5194/nhess-24-4683-2024 Nat. Hazards Earth Syst. Sci., 24, 4683–4706, 2024



4688 M. Ionita et al.: Eastern European extreme summer of 2023

Figure 3. The probability distribution function of the number of days with TX ≥ 30 °C for different periods (i.e., 1901–1930, 1931–1960,
1961–1990 and 1991–2023, respectively): (a) Bucuresti, (b) Calarasi, (c) Tg. Jiu, (d) Tr. Magurele, and (e) Dr. Tr. Severin. The numbers in
brackets represent the mean values. Analyzed time frame: May–September.

ity of the summer mean temperature over Romania is mainly
driven by the phase of the AMO.

In order to understand how the sea surface tempera-
tures (SSTs) might influence the frequency of summer days
in Romania, composite maps of summer (MJJAS) SST
were created for the years with high (> 1 SD) vs. low (<
−1 SD) PC1 values. The difference map (high–low, Fig. 4b)
shows a quasi-monopolar North Atlantic signal, with posi-

tive SST anomalies across the basin during high PC1 years.
This aligns with the PC1–AMO correlation and with well-
known AMO-related SST patterns (Mestas-Nuñez and En-
field, 1999; Enfield et al., 2001; Knight et al., 2006; Drinkwa-
ter et al., 2014). Considering the structure of the compos-
ite map, we argue that during the warm (cold) phase of
the AMO, Romania experiences an increase (decrease) in
the frequency of summer extreme temperatures, which is in
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Table 2. Eigenvalues of the first empirical orthogonal function (EOF1) at nine long-term stations.

Station Arad Bucuresti Baia Mare Buzau Calarasi Cluj Tg. Jiu Tr. Magurele Dr. Tr. Severin

Eigenvalue 0.36 0.36 0.25 0.33 0.18 0.32 0.39 0.37 0.38

Figure 4. (a) The time series of the raw PC1 (blue line), the
smoothed PC1 (green line), and the smoothed time series of sum-
mer (MJJAS) AMO index (red line). The time series were smoothed
using the Whittaker–Henderson approach. (b) The composite map
(high–low) between PC1 and the normalized SST. Before the com-
posite map analysis, a running mean of 5 years was applied to PC1
and the SST field, to focus on the decadal to multidecadal variabil-
ity. (c) The composite map (high–low) between PC1 and the cor-
responding 500 mbar geopotential height (Z500) and wind vectors.
The hatched areas indicate anomalies significant at the 95 % signif-
icance level based on a two-tailed t test. Units: Z500 [m].

agreement with the evolution of the summer PC1 time series,
presented in Fig. 4a. Additionally, we used Z500 anomalies
and wind vectors for years marked by increased summer tem-
peratures, identifying a pattern of positive Z500 anomalies
over Europe. The composite map of the Z500 anomalies and
the corresponding wind vectors for the years with increased
frequency in summer days is characterized by a large cen-
ter of positive (negative) Z500 anomalies over the central
and eastern parts of Europe (central North Atlantic Ocean)
(Fig. 4c). The spatial structure of the Z500 anomalies, with
the positive center over the eastern part of Europe, favors the
advection of dry and warm air from the east or southeastern
part of Europe, reduced precipitation, and an increased fre-
quency of high temperatures over the regions situated under
the influence of the anticyclonic circulation. This can lead
to the development or strengthening of HWs as they cause
clear skies, cause calm winds, and allow the air to warm sig-
nificantly, often through subsidence (Ma and Franzke, 2021;
Ionita et al., 2022). This observation is consistent with previ-
ous research (Gao et al., 2019), which has shown that during
the positive phase of AMO, a center with Z500 anomalies
over the central and eastern part of Europe co-exists with a
hot spot for extremely high temperatures over the same re-
gions. Thus, we argue that the warm phase of AMO influ-
ences the frequency of HWs over the eastern part of Europe,
including Romania, via the modulation of the large-scale at-
mospheric and oceanic patterns. In summary, a significant
upward trend in summer days exceeding 30 °C in Romania
is observed, with the most notable increases in the south-
eastern regions and during the period 1961–2023. The AMO
also emerges as an important driver, influencing these tem-
perature trends through its impact on sea surface tempera-
tures and large-scale atmospheric patterns and underscoring
its pivotal role in modulating Romania’s climate extremes.

3.2 Variability and change in the occurrence of
long-term summer HWs

The strongest HWs, detected using the threshold-based
method, are visualized using bubble plots, where the cumu-
lative intensity (i.e., the sum of all the temperature anoma-
lies throughout the duration of the HW) determines the rank.
Figure 5 shows the cumulative intensity (the sum of daily
maximum temperature anomalies throughout a HWs) plotted
against its duration (represented by circle size) for 10 Ro-
manian meteorological stations over the period 1885–2023.
Some stations, like Arad (Fig. 5a) and Bucuresti (Fig. 5c),
demonstrate a gradual increase in heat intensity over time.
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Figure 5. The cumulative intensity (°C) as a function of the duration of each HW (size of the circles): (a) Arad, (b) Baia Mare, (c) Bucuresti,
(d) Buzau, (e) Calarasi, (f) Cluj, (g) Tg. Jiu, (h) Tr. Magurele, (i) Dr. Tr. Severin, and (j) Vf. Omu. Analyzed time frame: May–September.
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Others, like Calarasi (Fig. 5e) and Cluj Napoca (Fig. 5f),
exhibit a mixed pattern with years of high and low heat in-
tensity. Interannual variability is evident across all stations
(e.g., Bucuresti (Fig. 5c), showing significantly higher cumu-
lative heat intensity in 2019 and 2023 compared to surround-
ing years). Figure 5 suggests a positive correlation between
HW duration and cumulative intensity; longer HWs tend to
have higher cumulative intensity. However, there is consid-
erable variability within the data, including short HWs with
high cumulative intensity and long HWs with lower inten-
sity. A striking feature of Fig. 5 is the clustering of HWs
over two periods: 1920–1965 and 1980–2023. This indicates
that alongside interannual variability, Eastern European HW
frequency exhibits a multidecadal component, which can be
influenced by the state of SSTs in the North Atlantic Basin,
as shown in Sect. 3.1. As in the case of summer days, the
clustering of HWs occurs over the same period when AMO
was in its positive phase (i.e., 1920–1960 and 1990–present),
while the periods with a reduced number of HWs occurred
over the same time when AMO was in its negative phase (i.e.,
mainly between 1960 and 1990) (Fig. 4a – red line). Overall,
the temporal evolution of cumulative intensity as a function
of HW duration over the past 140 years further highlights a
denser concentration of high-intensity HWs within the past 3
decades (Fig. 5).

The 2023 HW emerged as the strongest event in terms of
duration and cumulative intensity at 10 out of 31 stations an-
alyzed, marking it as an exceptional event in recent decades
(Table 3). In Bucuresti, this event was exceptional in both
magnitude (cumulative intensity of 165.26 °C) and duration
(19 d). The second-strongest HW was recorded in August
1946 (Fig. 4 and Table 4), lasting 15 d with cumulative in-
tensities of 125.81 (Buzau), 128.73 (Tg. Jiu), and 115.55 °C
(Calarasi). Additional long-lasting HWs of high magnitude
occurred in August 1952, June/July 2012, and June 2019 (Ta-
bles 3 and 4). Section 3.4 will provide a detailed analysis of
these specific HW events.

3.3 Then vs. now

Based on the two HW-prone periods identified in Fig. 5, we
have computed the temporal changes in the HWs metrics
over two periods: 1920–1965 and 1980–2023. When look-
ing at the distribution of the duration (Fig. 6a) and number
of HWs (Fig. 6b) over these two periods, we notice signif-
icant increases in both metrics over the period 1980–2023
with respect to the period 1920–1965. The strongest increase
(∼ 212 %/194 %) is found for the HW duration and number
at Bucuresti station, followed by Arad (186 %/180 %) and
Tg. Magurele (186 %/203 %). All analyzed stations indicate
an increase both in the duration and the number of HWs be-
tween the two periods, an increase which is statistically sig-
nificant (p < 0.001, based on a two-sample Wilcoxon rank
test). The increase in the overall duration of HWs varies be-
tween 141 % (i.e., Cluj Napoca) and 212 % (i.e., Bucuresti)

Figure 6. (a) Distribution of the duration (i.e., sum of all days af-
fected by a HW) over two periods, namely 1920–1965 (orange bars)
and 1980–2023 (red bars), respectively. (b) Distribution of the num-
ber of HWs (i.e., sum of all HWs) over two periods, namely 1920–
1965 (gray bars) and 1980–2023 (red bars), respectively. The black
arrows in (a) and (b) indicate the rate of change (as %) between the
two analyzed periods.

and for the number of HWs from 136 % (i.e., Cluj Napoca)
to 194 % (i.e., Bucuresti). The stations situated outside the
Carpathian Arch (i.e., Bucuresti, Buzau, Calarasi, Tg. Jiu,
Tg. Magurele, and Dr. Tr. Severin) show a higher increase
in the duration and number of HWs compared to the station
situated inside the Carpathian Arch (e.g., Arad, Baia Mare,
Cluj Napoca, and Vf. Omu), emphasizing the strong influ-
ence the Carpathian Mountains have on the climate of Roma-
nia. In terms of cumulative intensity (Fig. 7), the same pat-
tern can be observed: the strongest difference, between the
two analyzed periods, for the cumulative intensity is found at
Bucuresti Filaret station (215 %), followed by Tr. Magurele
(184 %), while the smallest difference can be observed at Tg.
Jiu (142 %) and Cluj Napoca (143 %).

If we consider only the period 1961–2023, when more
meteorological stations are available and perform the same
analysis by splitting the data into two parts, namely 1961–
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Table 3. The starting and end date of the first three high-intensity HWs, based on their cumulative intensity, over the period 1961–2023
recorded at 31 stations over the Romanian territory. S.D. – starting date, E.D. – ending date, and C.I. (°C) – cumulative intensity.

Station HW1 HW2 HW3

S. D. E. D. C.I. S. D. E. D. C.I. S. D. E. D. C.I.

1. Arad 19 August 2019 2 September 2019 121.01 29 June 2012 6 July 2012 116.04 15 July 2007 24 July 2007 97.62
2. Bacau 30 June 2012 9 July 2012 146.16 24 August 2015 6 September 2015 123.01 17 August 2023 29 August 2023 117.09
3. Bistrita 8 June 2019 14 June 2019 139.87 3 September 2016 11 September 2016 128.69 19 August 2018 2 September 2019 121.17
4. Baia Mare 12 June 1964 29 June 1964 114.01 19 August 2019 3 September 2019 223.48 27 July 1994 9 August 1994 109.11
5. Botosani 14 August 2023 29 August 2023 134.55 25 July 2012 7 August 2012 122.32 2 September 2016 14 September 2016 111.39
6. Brasov 17 August 2023 28 August 2023 111.73 4 September 2016 18 September 2016 100.34 16 July 2007 25 July 2007 96.52
7. Bucuresti 16 August 2023 3 September 2023 154.56 16 July 2007 25 July 2007 95.43 13 June 2007 26 June 2007 91.71
8. Buzau 17 August 2023 31 August 2023 111.73 20 August 2019 3 March 2019 92.52 16 July 2016 25 July 2016 88.60
9. Calarasi 17 August 2023 30 August 2023 111.43 16 July 2007 25 July 2007 92.96 12 August 2008 24 August 2008 89.88
10. Caransebes 26 June 2012 11 July 2012 108.50 16 July 2007 25 July 2007 95.84 27 August 2015 5 September 2015 95.12
11. Ceahlau 18 August 2023 29 August 2023 98.70 15 July 2007 25 July 2007 96.69 30 June 2012 10 July 2012 96.41
12. Cluj Napoca 8 June 2019 27 June 2019 141.18 29 June 2012 11 July 2012 118.70 17 August 2023 29 August 2023 109.39
13. Constanta 7 June 2019 28 June 2019 137.28 9 September 1994 4 October 1994 126.72 1 August 2010 20 August 2010 108.95
14. Craiova 19 August 2019 3 September 2019 105.19 17 August 2023 29 August 2023 102.11 15 July 2007 25 July 2007 101.78
15. Deva 19 August 2019 2 September 2019 111.10 15 July 2007 25 July 2007 104.28 2 August 2015 16 August 2015 102.83
16. Galati 16 August 2023 31 August 2023 120.14 19 August 2019 3 September 2019 111.18 24 August 2015 6 September 2015 110.17
17. Iasi 14 August 2023 30 August 2023 145.13 24 July 2012 9 August 2012 143.07 24 August 2015 5 September 2015 111.39
18. Miercurea Ciuc 1 July 2012 15 July 2012 126.02 17 August 2023 29 August 2023 104.96 3 August 2015 17 August 2015 101.37
19. Oc. Sugatag 8 June 2019 27 June 2019 145.38 2 August 2015 16 August 2015 129.08 19 August 2019 3 September 2019 127.86
20. Oradea 25 July 1994 11 August 1994 113.58 30 June 2012 11 July 2012 107.91 15 July 2007 24 July 2007 94.96
21. Rm. Valcea 19 July 2012 9 August 2012 170.63 15 July 2015 30 July 2015 116.85 15 July 2007 25 July 2007 107.30
22. Rosiorii de Vede 17 August 2023 29 August 2023 102.72 16 July 2007 25 July 2007 94.82 17 July 1987 27 July 1987 80.63
23. Satu Mare 3 August 2015 16 August 2015 113.49 12 June 1964 29 June 1964 111.89 24 July 1994 9 September 1994 111.17
24. Sibiu 30 June 2012 15 July 2012 129.76 20 August 2019 3 September 2019 106.17 18 August 2023 29 August 2023 91.35
25. Suceava 2 September 2016 17 September 2016 134.29 25 July 2012 8 August 2012 125.26 3 August 2015 16 August 2015 113.96
26. Sulina 10 September 1994 5 October 1994 122.62 31 July 2010 18 August 2010 116.94 20 August 2023 1 September 2023 75.75
27. Targu Jiu 23 September 2012 20 September 2012 128.59 30 June 2012 16 July 2012 114.47 19 August 2019 3 September 2019 101.39
28. Turnu Magurele 17 August 2023 29 August 2023 102.86 20 August 2019 3 March 2019 93.96 16 July 2007 25 July 2007 93.27
29. Dr. Tr. Severin 30 June 2012 15 July 2012 116.76 18 August 1992 1 September 1992 107.31 16 July 2007 25 July 2007 93.98
30. Tulcea 6 June 2019 27 June 2019 147.34 31 July 2010 18 August 2010 121.52 17 August 2023 31 August 2023 101.48
31. Vf. Omu 16 July 2007 25 July 2007 88.00 1 July 2012 12 July 2007 82.94 28 August 2015 5 September 2015 71.55

Table 4. The starting and end date of the first three high-intensity HWs, based on their cumulative intensity, over the period 1885–2023
recorded at 11 stations over the Romanian territory. S.D. – starting date, E.D. – ending date, and C.I. (°C) – cumulative intensity.

Station HW1 HW2 HW3

S. D. E. D. C.I. S. D. E. D. C.I. S. D. E. D. C.I.

1. Arad 18 August 2019 2 September 2012 121.01 3 August 1952 17 August 1952 116.55 29 June 2012 11 July 2012 116.05
2. Baia Mare 29 June 1932 16 July 1932 145.89 11 May 1937 22 May 1937 138.63 12 June 1964 29 June 1964 114.01
3. Bucuresti Filaret 16 August 2023 3 September 2023 165.26 19 August 2019 3 September 2019 119.41 9 August 1946 23 August 1946 113.49
4. Buzau 9 August 1946 23 August 1946 125.81 17 August 2023 31 August 2023 111.73 20 August 2019 3 September 2019 92.52
5. Calarasi 10 August 1946 23 August 1946 115.55 17 August 2023 30 August 2023 111.43 16 July 2007 25 July 2007 92.96
6. Cluj Napoca 8 June 2019 27 June 2019 141.18 2 August 1952 17 August 1952 134.56 11 May 1937 28 May 1937 129.35
7. Targu Jiu 9 August 1946 23 August 1946 128.73 23 September 2012 7 October 2012 128.59 4 May 1907 20 May 1907 121.46
8. Turnu Magurele 8 August 1952 22 August 1952 125.55 17 August 2023 29 August 2023 102.86 20 August 2019 3 March 2019 93.96
9. Dr. Tr. Severin 30 June 2012 15 July 2012 116.76 8 August 1946 22 August 1946 114.56 18 August 1992 1 September 1992 107.31
10. Vf. Omu 26 August 1956 7 September 1956 111.51 11 May 1958 21 May 1958 93.99 10 August 1946 22 August 1946 91.26

1990 and 1990–2023, the situation becomes even more criti-
cal (Figs. S1 and S2 in the Supplement). At Bucuresti station
an increase in the HW duration of 461 % has been found, to-
gether with an increase of 400 % in the number of HWs and
an increase of 492 % in the cumulative intensity. All analyzed
stations (see Table 1) indicate an increase of at least 250 % in
the duration, number, and cumulative intensity over the pe-
riod 1991–2023 compared to the period 1961–1990, but the
most affected ones are the stations situated in the south and
eastern part of the country. Here we show only the 10 stations
as in the previous subsection, but the analysis was performed
at all 31 meteorological stations. This exceptional increase
in the HW metrics (i.e., duration, number, and cumulative

intensity) when considering only the period 1961–2023 in-
dicates how misleading it is to quantify the real extent and
change in the HWs metrics if one considers short periods.
Although the difference is also statistically significant and
reaches values of up to 200 %, it is valuable and indicated to
perform HW-related statistics on long-term time series.

3.4 Large-scale drivers of extreme HWs

In this section, an in-depth analysis of the most extreme HWs
(e.g., 1946, 1952, 2012, 2019, and 2023, respectively) ob-
served for particular months, with respect to their large-scale
drivers, is presented. We specifically examine case studies
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Figure 7. Distribution of the cumulative intensity (i.e., sum of daily maximum temperature anomaly over all days affected by a HW) over
two periods, namely 1920–1965 (gray-to-orange bars) and 1980–2023 (yellow-to-red bars), respectively. The black arrows indicate the rate
of change (as %) between the two analyzed periods. Yellow (gray) colors indicate smaller values, while red (orange) colors indicate higher
values.

in August 1946, August 1952, June/July 2012, June 2019,
and August 2023. An extended HW impacted Romania in
August 1946, characterized by record-breaking temperatures
and lasting up to 14 d in specific regions (particularly the
south). The HW was first observed on 10 August in west-
ern Romania (Fig. S4a in the Supplement), spreading east-
ward across the country over subsequent days. Peak temper-
atures were observed on August 13 (Table 4, Figs. 8a and 4a).
The cumulative HW intensity (CHI) reached values as high
as 130 °C in southeastern Romania and even 160 °C over
Ukraine (Fig. 8b). Regionally, Tg. Jiu exhibited the highest
CI (128.73 °C), followed by Buzau (125.81 °C) and Calarasi
(115.55 °C). This event coincided with approximately 200 h
exceeding the heat stress index UTCI of 32 °C, signifying
“very strong heat stress” (Fig. S5a in the Supplement) across
most of the country (excluding mountainous areas). Summer
1946 also stands out as one of Romania’s hottest and driest
on record (Nagavciuc et al., 2022a). Drought severity ranged
from moderate to extreme nationwide (Fig. 8d). A significant
co-occurrence of intense heat and drought was observed over
Romania and Ukraine (Fig. 8b–d). The anomalies in large-
scale atmospheric circulation during the HW suggest the
transport of warm air masses from Russia by northeasterly
airflow, leading to the extreme temperatures (daily maximum
anomalies up to∼ 12 °C, Fig. S4a in the Supplement) and co-
inciding with drought conditions (Fig. 8d). In addition to the
extreme HW event, the summer of 1946 and the following
months were characterized by an excessive famine. The lin-
gering effects of World War II, corroborated by extreme heat
and dryness, severely compromised the agricultural capac-
ity. Major grain-producing regions, encompassing Romania,
Ukraine, Moldova, the lower and middle Volga basins, Ros-
tov Oblast, and the Central Black Earth Region, experienced

a crippling drought. This resulted in a precipitous decline in
crop yields (Wheatcroft, 2012). For example, the grain har-
vest in the Soviet Union yielded only 39.6× 106 t, which
represented a significant decline compared to the previous
year’s harvest of 47.3× 106 t and a dramatic reduction from
the 95.5× 106 t harvested in 1940, the last full year before
World War II (Ganson, 2009).

The year 1952 goes down in history for an astonish-
ingly warm summer. On 16 August, it was 41 °C in Tim-
işoara (western part of the country) and 39.4 °C in Satu Mare
(northwestern part of the country), which marks the August
records for these stations. At Arad meteorological station
(Fig. 9a) the maximum daily temperature was also recorded
on 16 August (i.e., 40.4 °C), and the HW lasted for 15 d
(i.e., 03–17 August 1952). The maximum intensity of this
event, on 16 August 1952, reached anomalies of up to 12 °C
over the northwestern part of Romania and western Ukraine
(Fig. S4b). This HW was mainly focused on the eastern part
of Europe (Fig. S6 in the Supplement), with the most af-
fected regions over Ukraine, Romania, Hungary, and Poland
(Fig. S6). The cumulative intensity reached a value of up to
120 °C over the western part of Romania (Fig. 9b) corrob-
orated by up to 200 h of UTCI> 32 °C (Fig. 9c), indicating
very strong heat stress over these regions. On the peak day
of the HW (i.e., August 16), most of the western part of Ro-
mania was under “very strong heat stress” (Fig. S5b in the
Supplement), while the eastern part was under “strong heat
stress” conditions. As in the case of the August 1946 event,
August 1952 was accompanied by extreme drought condi-
tions, with a center over the eastern part of Europe (Fig. 9d),
which led to the occurrence of a compound event with signif-
icant stress on the agriculture and society (Topor, 1963). The
occurrence of the August 1952 compound hot and dry event
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Figure 8. (a) Daily maximum temperature at Tg. Jiu meteorological station for the year 1946. (b) The cumulative intensity of the HW
occurring over the period 10–23 August 1946. (c) The number of hours with the universal thermal climate index> 32 °C throughout the
duration of the HW. (d) The 1-month Standardized Precipitation Evapotranspiration Index for August 1946. (e) The 500 mbar geopotential
height anomaly and the associated winds averaged over the period 10–23 August 1946. In (a) the green line represents the 10th percentile
(P10) of the daily maximum temperature. The dotted black line represents the mean of the daily maximum temperature, and the red line
represents the 90th percentile (P90) of the daily maximum temperature. The period 1971–2000 was used to compute the daily maximum
temperature climatology.

was the consequence of an anomalous high-pressure center
extending from Russia to the eastern part of Europe, which
led to the advection (horizontal transport) of hot and dry air
from Eurasia towards the eastern part of Europe (Fig. 9e).

Summer 2012 was characterized by a series of HWs. The
first one lasted for 7 d (i.e., 17–23 June), followed by the

longest HW for this summer, which lasted for 16 d between
30 June and 15 July (Fig. 10a). Another two HW events oc-
curred in August, lasting for 6 and 7 d, respectively, while
the last HW was recorded in September and lasted for 10 d
(Fig. 10a). The longest HW started at the end of June and
finished in the middle of July, triggering exceptionally high
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Figure 9. (a) Daily maximum temperature at Arad meteorological station for the year 1952. (b) The cumulative intensity of the HW occurring
over the period 3–17 August 1952. (c) The number of hours with the universal thermal climate index> 32 °C throughout the duration of the
HW. (d) The 1-month Standardized Precipitation Evapotranspiration Index for August 1952. (e) The 500 mbar geopotential height anomaly
and the associated winds averaged over the period 3–17 August 1952. In (a) the green line represents the 10th percentile (P10) of the
daily maximum temperature. The dotted black line represents the mean of the daily maximum temperature, and the red line represents the
90th percentile (P90) of the daily maximum temperature. The period 1971–2000 was used to compute the daily maximum temperature
climatology.

temperatures, with daily maximum temperature anomalies
reaching up to 12 °C in central Europe (Figs. S4c and S7 in
the Supplement). The extremely hot conditions initially im-
pacted the western part of Europe before also encompassing
the eastern part of Europe, including Romania, with a partic-
ular emphasis on plains and plateaus. The cumulative inten-

sity of the HW reached values up to 160 °C (Fig. 10b), with
Romania being in the center of the HW. Also, the heat stress
was extremely high throughout the duration of the HW, with
up to 200 h of very strong heat stress and higher at coun-
try level, except for the Carpathian Mountains (Fig. 10c).
On the day of the HW peak (i.e., 15 July), the southern
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Figure 10. (a) Daily maximum temperature at Dr. Tr. Severin meteorological station for the year 2012. (b) The cumulative intensity of the
HW occurring over the period 30 June–15 July 2012. (c) The number of hours with the universal thermal climate index> 32 °C throughout
the duration of the HW. (d) The 1-month Standardized Precipitation Evapotranspiration Index for July 2012. (e) The 500 mbar geopotential
height anomaly and the associated winds averaged over the period 30 June–15 July 2012. In (a) the green line represents the 10th percentile
(P10) of the daily maximum temperature. The dotted black line represents the mean of the daily maximum temperature, and the red line
represents the 90th percentile (P90) of the daily maximum temperature. The period 1971–2000 was used to compute the daily maximum
temperature climatology.

part of the county reached a daily maximum temperature
anomaly > 12 °C (Fig. S4c) and was under “very strong heat
stress” (Fig. S5c). The extreme heat was accompanied by ex-
treme drought (SPEI1<−2) over the southern part of the
county and severe drought (SPEI1>−1) over the northern
part (Fig. 10d). In general, the spatial extent of the HW (e.g.,

the eastern part of Europe) is mirrored by dry conditions
over the same regions (Fig. 10d). The dominant atmospheric
circulation pattern during this period featured a northeast-
erly flow (Fig. 10e), which facilitated the advection (hori-
zontal transport) of warm air masses originating from Rus-
sia towards the eastern and central part of Europe. At a na-
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Figure 11. (a) Daily maximum temperature at Cluj meteorological station for the year 1952. (b) The cumulative intensity of the HW occurring
over the period 8–27 June 2019. (c) The number of hours with the universal thermal climate index> 32 °C throughout the duration of the
HW. (d) The 1-month Standardized Precipitation Evapotranspiration Index for June 2019. (e) The 500 mbar geopotential height anomaly and
the associated winds averaged over the period 8–27 June 2019. In (a) the green line represents the 10th percentile (P10) of the daily maximum
temperature. The dotted black line represents the mean of the daily maximum temperature, and the red line represents the 90th percentile
(P90) of the daily maximum temperature. The period 1971–2000 was used to compute the daily maximum temperature climatology.

tional scale, this large-scale atmospheric pattern established
anomalously high temperatures and a surge in the number of
hot days (temperatures exceeding 35 °C), particularly in the
southern and eastern regions (Nagavciuc et al., 2022b). The
persistence of a high-pressure system positioned over Rus-
sia extending up to Romania was the primary driver of the
excessive temperatures and dryness.

June 2019 saw one of the most extensive (in spatial cov-
erage) and prolonged HW ever recorded over Europe at that
time (Sánchez-Benítez et al., 2022; Xu et al., 2020; Nagav-
ciuc et al., 2022b). The central and eastern parts of Europe
experienced exceptional warmth through the duration of the
HW, with daily temperature anomalies exceeding 12 °C for
most of June (Fig. S8 in the Supplement). The June 2019
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Figure 12. (a) Daily maximum temperature at Bucuresti meteorological station for the year 2023. (b) The cumulative intensity of the
HW occurring over the period 16 August–3 September 2023. (c) The number of hours with the universal thermal climate index> 32 °C
throughout the duration of the HW. (d) The 1-month Standardized Precipitation Evapotranspiration Index for August 2023. (e) The 500 mbar
geopotential height anomaly and the associated winds averaged over the period 16 August–3 September 2023. In (a) the green line represents
the 10th percentile (P10) of the daily maximum temperature. The dotted black line represents the mean of the daily maximum temperature,
and the red line represents the 90th percentile (P90) of the daily maximum temperature. The period 1971–2000 was used to compute the
daily maximum temperature climatology.

HW event started on 8 June (Fig. 11a) and lasted for 19 d
until 27 June. Romania was affected by this event especially
over the central and northern parts of the country, with a cu-
mulative intensity of up to 160 °C in the northern part of the
country and up to 180 °C over Poland (Fig. 11b). At country
level, the meteorological stations with the highest cumulative
intensity were Bistrita (139.87 °C), Cluj Napoca (141.18 °C),

Constanta (137.28 °C), and Tulcea (147.34 °C) (see Table 3).
The peak of the HW was on 14 June, when the daily maxi-
mum temperature anomalies exceeded more than 10 °C over
large areas in Europe and up to 12 °C over the northwestern
part of Romania (Figs. S4d and S8). Over the regions situ-
ated at low latitudes (i.e., out of the range of the Carpathian
Mountains), the cumulative heat stress factor reached values
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Figure 13. Stochastically generated skewed (SGS) distributions of
pseudo-observations for summer mean temperatures in 1900 (green
line), 2023 (blue line), and 2100 (red line), for the SSP2-45 sce-
nario. A vertical black line marks the observed summer (May–
June–July–August–September) temperature in 2023: (a) Baia Mare,
(b) Bucuresti, (c) Calarasi, (d) Cluj Napoca, (e) Tg. Jiu, and (e) Dr.
Tr. Severin.

up to 150 h over the duration of the HW (Fig. 11c), and on the
day of the peak of the HW the same regions were affected by
“strong heat stress” (Fig. S5d). Compared to previously de-
scribed HW events (i.e., 1946, 1952, and 2012), the drought
conditions in June 2019 prevailed over most of Europe, ex-
cept for the British Isles, the northwestern part of Fennoscan-
dia, and Türkiye, where wet conditions prevailed (Fig. 11d).
The areas covered by severe to moderate drought in June
2019 are similar to the areas affected by the long-lasting HW
event (Fig. 11b and d). The large-scale atmospheric circu-
lation anomalies throughout the duration of the HW event
were characterized by positive geopotential height anoma-
lies over the central and eastern parts of Europe, flanked by

negative Z500 anomalies over the central North Atlantic and
northwestern Russia (Fig. 11e). The spatial structure of the
Z500 anomalies resembles a classical omega blocking pat-
tern, which promotes the advection of warm and dry Sa-
haran air towards the southern and eastern part of Europe
(Fig. 11e).

Summer 2023 was the warmest on record globally
by a large margin, with an average temperature of
16.77 °C (i.e., 0.66 °C above global average relative to
the climatological period 1971–2000), and a series of
HWs were experienced in multiple regions of the North-
ern Hemisphere, including southern Europe, the south-
ern United States, and Japan (https://climate.copernicus.
eu/summer-2023-hottest-record). Over Romania there were
three separate HW events that occurred between June until
the end of September. The first events started on the 10 July
and lasted for 13 d (Fig. 12a). The second event was much
longer, lasting for 19 d between 16 August until 3 September
(Fig. 12a), while the third HW occurred between 20 Septem-
ber and lasted until 1 October. The longest HW (i.e., 19 d)
was characterized by unprecedented intensity and duration
at 10 stations, out of the 31 analyzed in this study (Table 3).
At Bucuresti Filaret, the August HW reached a cumulative
intensity of 165.26 °C, which is the highest CHI since 1885
(Table 4). The peak of the HW was on 28 August, when the
daily maximum temperature anomalies exceeded more than
12 °C over large areas in the eastern part of Europe (Figs. S4d
and S9 in the Supplement). The cumulative intensity over
the eastern part of Europe reached values up to 160 °C over
Ukraine and the southern part of Romania (Fig. 12b), and
the cumulative heat stress factor reached values up to 200 h
over the duration of the HW over these regions, except the
areas situated at higher altitudes (Fig. 12c). On the day of
the peak of the HW, the southeastern part of Romania and
western Ukraine were affected by “very strong heat stress”
(Fig. S5e). The areas covered by severe to moderate drought
in August 2023 (Fig. 12d) are similar to the areas affected by
the long-lasting HW event (Fig. 12b). The large-scale atmo-
spheric circulation anomalies throughout the duration of the
HW event are similar to the previous cases, namely a cen-
ter of positive Z500 anomalies over the central and eastern
part of Europe and a center of negative G500 anomalies over
western Russia, which leads to the advection of hot and dry
air from the south (Fig. 12e).

3.5 Attribution of the 2023 extreme summer
temperatures

The extended summer temperature anomalies (i.e., May–
September) indicate that year 2023 was on average +3.1 °C
warmer at Baia Mare station (i.e., relatively to the clima-
tological period 1971–2000), +4.1 °C warmer at Bucuresti,
+2.8 °C warmer at Calarasi station, +2.9 °C warmer at Cluj
Napoca station, +2.6 °C warmer at Tg. Jiu station, and
+3.8 °C warmer at Dr. Tr. Severin station. To assess the
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contribution of anthropogenic climate change to the extreme
summer temperatures of 2023, we applied the methodology
outlined by Rantanen et al. (2024). This approach allows me-
teorologists and researchers to quantify the climate change
signal on mean temperatures at the country or station level,
across different timescales: monthly, seasonal, and annual.
It integrates observational monthly mean temperature data
with simulations from the Coupled Model Intercomparison
Project Phase 6 (CMIP6) climate models, and for this study,
we focus on two shared socioeconomic pathways (SSPs):
SSP2-4.5 and SSP5-8.5. A comprehensive description of the
tool and the CMIP6 models employed is provided by Ranta-
nen et al. (2024). We utilized this method due to its straight-
forward applicability, particularly for station-based observa-
tional data and because of the temperature record at some of
our analyzed stations (i.e., Baia Mare, Bucuresti, Calarasi,
Cluj Napoca, Tg. Jiu and Dr. Tr. Severin) spans a suffi-
ciently long period (i.e., from 125 up to 167 years) to sup-
port this type of analysis. In the current study, we focused
on the whole extended summer (i.e., the summer mean tem-
perature averaged over the months May–June–July–August–
September). This tool utilizes two widely used metrics in at-
tribution studies: the probability ratio (PR) and the change in
intensity (1I ). The PR measures the increase in the likeli-
hood of an event due to climate change, while 1I represents
the extent to which climate change has altered the event’s
intensity. To calculate 1I , the observed temperature’s per-
centile within the current climate distribution is first identi-
fied, and then the corresponding temperature for the same
percentile is located within the climate distribution of the
year 1900.

The attribution analysis suggests that the likelihood of ex-
periencing an extended summer (i.e., May–September) as
warm as the one in 2023 under the climate conditions of 1900
varies from 0.0 % at Baia Mare and Cluj Napoca (i.e., such
a warm summer would have been impossible in the climate
around the year 1900) to 0.3 % at Tg. Jiu station (Tables 5
and 6). In today’s climate, the probability of the observed
extended summer 2023 mean temperature is higher than in
the past, with a likelihood from 0.1 % at Bucuresti Filaret to
16.3 % at Dr. Tr. Severin station (Tables 5 and 6). An ex-
tended summer that is at least as warm as that of 2023 will
occur on average once every 6 to 82 years, depending on the
station analyzed. For example, at Bucuresti and Baia Mare
stations, the temperatures recorded in 2023 would have been
impossible without the effect of climate change, while at Tg.
Jiu and Dr. Tr. Severin stations the probability of such a warm
extended summer has increased by a factor of 45.3 and 9.6,
respectively.

Based on CMIP6 projections under the SSP2-45 scenario,
by 2100, an extended summer as warm as that of 2023 is ex-
pected to occur roughly once every year at all analyzed sta-
tions (Table 5), with the exception of Bucuresti station, where
such a warm summer is expected to occur once every 3 years.
The same holds true in the case of the SSP5-85 scenario (Ta-

Figure 14. Stochastically generated skewed (SGS) distributions of
pseudo-observations for summer mean temperatures in 1900 (green
line), 2023 (blue line), and 2100 (red line) for the SSP5-85 scenario.
A vertical black line marks the observed summer (May–June–July–
August–September) temperature in 2023: (a) Baia Mare, (b) Bu-
curesti, (c) Calarasi, (d) Cluj Napoca, (e) Tg. Jiu, and (e) Dr. Tr.
Severin.

ble 6), including Bucuresti station. Under the SSP5-85 sce-
nario, a summer as warm as the one in 2023 is expected to
occur every year, at all analyzed stations. Thus, this implies
that by the end of the 21st century, summers as warm as the
one in 2023 will be the new normal (Figs. 13 and 14). This
highlights the significant shift in temperature extremes antic-
ipated by the century’s end, as depicted in Figs. 13 and 14.
Additionally, our analysis of intensity changes (1I ) indicates
that the extended summer of 2023 was approximately 1.6 °C
warmer than it would have been without anthropogenic cli-
mate change at Baia Mare, Bucuresti, Calarasi, and Cluj and
∼ 1.7 °C warmer at Tg. Jiu and Dr. Tr. Severin.
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Table 5. Estimated annual probabilities, return periods, and intensities of the 2023 corresponding summer mean temperature (see the value
in parentheses for each station) for the SSP2-45 scenario.

Probability Return period (years) Intensity [°C]

Baia Mare (TT= 20.4 °C)

1900 0.0 % (0.0 %–0.2 %) 2593 (533–12 762) 18.8 (18.1–19.3)
2023 4.0 % (1.7 %–10.2 %) 25 (10–58) 20.4
2100, SSP2-45 72.0 % (20.5 %–99.7 %) 1 (1–5) 22.4 (21.6–23.5)

Bucuresti (TT= 23.7 °C)

1900 0.0 % (0.0 %–0.1 %) 5399 (984–142 819) 22.1 (21.4–22.5)
2023 0.1 % (0.0 %–0.6 %) 82 (34–269) 23.7
2100, SSP2-45 15.6 % (0.7 %–62.9 %) 3 (1–13) 25.7 (24.8–26.8)

Calarasi (TT= 22.7 °C)

1900 0.2 % (0.0 %–0.6 %) 551 (154–4827) 21.1 (20.6–21.4)
2023 9.8 % (4.8 %–18.8 %) 10 (5–21) 22.7
2100, SSP2-45 87.9 % (43.3 %–99.9 %) 1 (1–2) 24.6 (23.8–25.5)

Cluj Napoca (TT= 19.3 °C)

1900 0.0 % (0.0 %–0.2 %) 15 885 (552–355 443) 17.7 (17.0–18.2)
2023 5.6 % (1.8 %–15.0 %) 18 (7–55) 19.3
2100, SSP2-45 78.9 % (0.7 %–62.9 %) 1 (1–3) 21.2 (20.4–22.3)

Tg. Jiu (TT= 21.2 °C)

1900 0.3 % (0.0 %–0.8 %) 295 (127–2163) 19.5 (18.9–19.9)
2023 13.6 % (6.5 %–25.3 %) 7 (4–15) 21.2
2100, SSP2-45 92.8 % (50.3 %–100.0 %) 1 (1–2) 23.2 (22.4–24.2)

Dr. Tr. Severin (TT= 22.4 °C)

1900 1.7 % (0.8 %–2.9 %) 59 (34–125) 20.7 (20.1–21.1)
2023 16.3 % (9.5 %–25.5 %) 6 (4–10) 22.4
2100, SSP2-45 71.5 % (37.3 %–97.0 %) 1 (1–3) 24.4 (23.6–25.4)

4 Discussion and conclusions

Eastern Europe has experienced a succession of extreme
HWs in recent years, notably in June/July 2012, June 2019,
and August 2023 (Nagavciuc et al., 2022b; Russo et al., 2019,
2015; Lhotka and Kyselý, 2022; Ionita et al., 2021). These
HWs have surpassed historical records in intensity and du-
ration, causing severe impacts on human health, ecosystems,
and infrastructure, and have been driven mainly by persistent
large-scale patterns (e.g., increased frequency of atmospheric
blocking) (Bakke et al., 2023; Kautz et al., 2021; Rousi et
al., 2023; Lau and Nath, 2012; Yang et al., 2019; Chan et al.,
2022). In line with these studies here, we show that in all ana-
lyzed HW events (i.e., August 1946, August 1952, June/July
2012, June 2019, and August 2023), the area affected by the
HW was under the influence of a persistent high-pressure
system, which led to the advection of hot and dry air ei-
ther from Eurasia or from the Sahara. This spatial structure in
the Z500 intensifies incoming solar radiation, leading to ex-
tremely high temperature anomalies under the high-pressure
center. These findings are in agreement with previous studies

which have shown that hot and dry summers are usually ac-
companied by an increase in the frequency and persistence of
atmospheric blocking (Bakke et al., 2023; Ionita et al., 2021;
Kautz et al., 2021; Schubert et al., 2014; Ma and Franzke,
2021). Scientific analysis points to a combination of large-
scale atmospheric patterns and the amplifying effects of cli-
mate change as the primary drivers of these events (Gao et
al., 2019; Luo et al., 2023; Ma et al., 2024).

From a large-scale atmospheric–oceanic point of view, the
AMO can favor, in its positive phase, an increase in the
frequency of HWs over the eastern part of Europe (Gao et
al., 2019). However, the remarkable increase in the HW fre-
quency over the past 30 years extends beyond what can be
attributed solely to AMO’s influence. The rate of increase
in the metrics of the HWs, varying between ∼ 200 % and
400 %, for all analyzed stations, especially since 1961 on-
wards, points to greenhouse-gas-induced warming as a sig-
nificant contributor. This aligns with the findings of a recent
study (Luo et al., 2023) indicating that ∼ 43 % of the recent
increase in the HW frequency over the central and eastern
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Table 6. Estimated annual probabilities, return periods, and intensities of the 2023 corresponding summer mean temperature (see the value
in the parentheses for each station) for the SSP5-85 scenario.

Probability Return period (years) Intensity [°C]

Baia Mare (TT= 20.4 °C)

1900 0.0 % (0.0 %–0.2 %) 2727 (536–24 486) 18.8 (18.4–19.2)
2023 4.1 % (1.7 %–7.9 %) 25 (13–57) 20.4
2100, SSP5-85 100.0 % (83.6 %–100.0 %) 1 (1–1) 24.9 (23.1–26.8)

Bucuresti (TT= 23.7 °C)

1900 0.0 % (0.0 %–0.1 %) 5741 (1105–94 493) 22.1 (21.7–22.4)
2023 1.3 % (0.6 %–2.9 %) 76 (34–180) 23.7
2100, SSP5-85 98.9 % (56.6 %–100.0 %) 3 (1–2) 28.2 (26.5–30.0)

Calarasi (TT= 22.7 °C)

1900 0.2 % (0.0 %–0.6 %) 558 (164–6995) 21.1 (20.7–21.4)
2023 9.6 % (4.7 %–16.6 %) 10 (6–21) 22.7
2100, SSP5-85 100.0 % (93.5 %–100.0 %) 1 (1–1) 27.1 (25.4–28.9)

Cluj Napoca (TT= 19.3 °C)

1900 0.0 % (0.0 %–0.2 %) 19 003 (610–755 443) 17.7 (17.2–18.1)
2023 5.6 % (2.4 %–11.9 %) 18 (8–42) 19.3
2100, SSP5-85 99.8 % (86.7 %–100.0 %) 1 (1–1) 23.8 (21.9–25.7)

Tg. Jiu (TT= 21.2 °C)

1900 0.3 % (0.1 %–0.9 %) 303 (115–1199) 19.6 (19.2–198)
2023 13.4 % (7.2 %–21.4 %) 7 (5–14) 21.2
2100, SSP5-85 100.0 % (96.1 %–100.0 %) 1 (1–1) 25.7 (23.9–27.4)

Dr. Tr. Severin (TT= 22.4 °C)

1900 1.6 % (0.8 %–3.0 %) 61 (33–119) 20.7 (20.4–21.0)
2023 16.3 % (10.6 %–23.4 %) 6 (4–9) 22.4
2100, SSP5-85 99.0 % (78.2 %–100.0 %) 1 (1–1) 26.9 (25.1–28.5)

part of Europe was driven by the positive phase of the AMO,
while∼ 57 % is related to greenhouse-gas-induced warming.
The observed trend strongly suggests the influence of a com-
bined effect from anthropogenic climate change and natural
modes of internal variability.

We provide compelling evidence of the escalating inten-
sity and frequency of HW patterns in Romania over the last
century, with clear indications of climate change. The clus-
tering of HWs also aligns with AMO phases, with more fre-
quent and intense HWs occurring during its positive phase,
underscoring the significant role of internal variability in
modulating Eastern European HWs. We also show whether
any past occurrences rival the intensity of modern events.
Analysis of observational data from 1885 to 2023 revealed
an increase in both the number of days exceeding the 90th
percentile temperature threshold and the overall frequency of
HW events. We found an increase of at least 200 % (depend-
ing on the station) in the HW metrics for the recent events
(i.e., 1980–2023) compared to previous periods character-
ized by a high frequency of HWs (i.e., 1920–1965). This

aligns with the observed warming trend in monthly average
temperatures observed both globally and at European level
(IPCC, 2021b). Despite the observed upward trend in the
summer days and HW metrics over Romania, in this study
we also found that certain historical HWs were comparable
to recent events in terms of mean and maximum tempera-
tures (i.e., August 1946 and August 1952 events). These past
events offer valuable case studies and point in the direction
that such intense HWs are not exclusive to the modern era,
highlighting also the significant influence of natural variabil-
ity, such as AMO. Over Romania, the most extreme HW on
record occurred in August 2023, with a maximum daily tem-
perature> 35 °C for 13 consecutive days at Bucuresti Filaret
meteorological station (i.e., 17–29 August 2023). The sec-
ond most intense August HW, in terms of duration and inten-
sity, occurred in 1946. Reanalysis data reveal that historical
HWs often coincide with widespread heat and dry conditions
across Europe under the influence of extensive high-pressure
anomalies. Moreover, by employing a tool for attribution-
based analysis, we have shown that the extended summer
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temperature recorded in 2023 would have been impossible
without the contribution of anthropogenic warming, and such
warm summers will become the new normal by the end of the
21st century.

The urgency for both reducing greenhouse gas emissions
and implementing robust adaptation measures across Roma-
nia is irrefutable. Continued research and collaboration be-
tween scientists, policymakers, and stakeholders are essen-
tial to address this growing threat and build a more resilient
future for the region. We also emphasize the need for fur-
ther studies (e.g., by employing long-term meteorological
time series) in other European regions to gain a broader
understanding of escalating HW risks and strengthen pan-
European preparedness efforts. Recognizing the gravity of
this issue, various stakeholders must collaborate to develop
effective mitigation and adaptation strategies. Implementing
climate change mitigation measures to reduce greenhouse
gas emissions is crucial for long-term solutions. This pa-
per provides a comprehensive understanding of HWs in east-
ern Europe by examining their variability, trends, and causes
from a long-term perspective.
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Figure S1. a) Distribution of the duration (i.e., sum of all days affected by a HW) over two periods,  
namely 1961 – 1992 (orange bars) and 1993 – 2023 (red bars), respectively and b) Distribution of the number of 

HWs (i.e., sum of all HWs) over two periods, namely 1961 – 1992 (gray bars) and 1993 – 2023 (red bars), 
respectively. The black arrows in a) and b) indicated the rate of change (as %) between the two analyzed periods. 

 

 

 

 



 

Figure S2. Distribution of the cumulative intensity (i.e., sum of daily maximum temperature anomaly over all 
days affected by a HW) over two periods, namely 1961 – 1992 (grey-to-orange bars) and 1993 – 2023 (yellow-

to-red bars), respectively. The black arrows indicate the rate of change (as %) between the two analyzed periods. 
Yellow (grey) colors indicate smaller values, while red (orange) colors indicate higher values. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S3. Spatial and temporal evolution of the daily maximum temperature anomaly over Europe 
over the period 10.08.1946 – 23.08.1946. The anomalies are computed relative to the climatological 

period 1971 – 2000. 
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Figure S4. Daily maximum temperature anomaly on the day of the HW peak for different heatwave events:  
a) August 1946; c) August 1952; c) June/July 2012; d) June 2019 and e) August 2023. The anomalies are 

computed relative to the climatological period 1971 – 2000. 
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Figure S5.  The value of the Universal Thermal Climate Index (UTCI) at 12:00 p.m. on the day of the HW, for 
different HW events: a) August 1946; c) August 1952; c) June/July 2012; d) June 2019 and e) August 2023. 

 

 

 

 

 

 

 

 

 



 

Figure S6. Spatial and temporal evolution of the daily maximum temperature anomaly over Europe 
over the period 3.08.1952 – 17.08.1952. The anomalies are computed relative to the climatological 

period 1971 – 2000. 

 

 

 



 

Figure S7. Spatial and temporal evolution of the daily maximum temperature anomaly over Europe over 
the period 30.06.2012 – 15.07.2012. The anomalies are computed relative to the climatological period 

1971 – 2000. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure S8. Spatial and temporal evolution of the daily maximum temperature anomaly over Europe 
over the period 12.06.2019 – 27.06.2019. The anomalies are computed relative to the climatological 

period 1971 – 2000. 

 

 

 

 

 

 

 



 

Figure S9. Spatial and temporal evolution of the daily maximum temperature anomaly over Europe 
over the period 16.08.2023 – 3.09.2023. The anomalies are computed relative to the climatological 

period 1971 – 2000. 
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