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Abstract: Heatwave events are of major concern in the global context, since they can significantly im-
pact ecosystems, economies and societies. For this reason, more detailed analyses of the characteristics
and trends of heatwaves represent a priority that cannot be neglected. In this study, the interannual
and decadal variability of seven indices of heatwaves were investigated during the warmest period
of the year (June-August) by using an enhanced resolution reanalysis model (ERA5-Land) over
a 71-year period (1950-2020) for the area of Greece. Heatwaves were defined as periods where
two thresholds, based on a modified version of the Excess Heat Factor index (EHF) and the 95th
percentile of the maximum daily temperature, were exceeded for at least three consecutive days.
Greece experiences almost yearly 0.7 heatwaves on average during the whole period of study, while
this value has increased by ~80% since 1990. Trend analysis revealed that heatwaves have become
more frequent, longer, and more intense since 1950. The percentage of the land area that experiences
at least one heatwave per year was almost doubled in the examined period. An increasing trend in
the number of heatwaves that occurred in June was identified.

Keywords: heatwaves characteristics; climatology; Greece; trend analysis; hot extremes; heat stress;
Excess Heat Factor; temperature

1. Introduction

Climate change and the associated increasing global surface temperatures have be-
come a major concern studied by the scientific community worldwide over the last decades.
Many studies have reported that the average global temperature has increased by about
1 °C since 1880 and, interestingly, this rate of warming is more than twice since 1981 [1].
Climate change future projections have shown that global warming is expected to induce
a temperature rise between 1.5 °C to 4.5 °C until the end of the century [2]. A direct
consequence of the rising global surface temperature is the increase in the frequency and
severity of extreme weather events such as heatwaves [2,3]. Consequently, projections
show that over the next century, heatwaves and warm spells (unseasonal warm periods
characterized by lower temperatures compared to heatwaves) will become more frequent
and intense, while their duration and geographic extent will increase (e.g., [4-6]). These
changes could contribute to the burden of continuous thermal stress for a period of days
leading to heat-related illnesses (i.e., heat stroke), premature deaths, and inability to sus-
tain physical activities (e.g., [6,7]), particularly in vulnerable populations such as elderly
people [8], and people living in areas with a higher population density [9-11]. Indeed,
heatwaves are considered to be the deadliest weather disaster in many parts of the world
(e.g., [12,13]). Besides, heatwaves have been related to serious impacts in economic losses
for agriculture (e.g [9,14-16]) and risks to the environment (i.e., bushfire, biodiversity,
streamflow; e.g., [9,17,18]).

The Mediterranean region is considered to be one of the most sensitive areas world-
wide with regards to climate change (e.g., [19]). Temperature increases at a faster pace
in the Mediterranean [20], and future warming rates are expected to be 50% higher in
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summer compared to global warming [21]. It is estimated that for every 1 °C increase in the
apparent temperature in Mediterranean cities, a 3% increase in mortality is expected [22].
Thus, the need to study heatwaves becomes more urgent.

In Greece, several studies have analyzed the heatwaves by focusing on a particular
region of the country (e.g., [23-25]), or in a limited number of cities across the country
(e.g., [26,27]). Indeed, most studies have focused only on the capital of Greece, Athens
(e.g., [23,25]). In particular, Athens is characterized by the frequent occurrence of heatwaves
(~1-2 heatwaves per year [23,28]) that have significantly increased since 1990 [23,29]. It has
also been reported that heatwaves last longer, occur earlier, and are more intense in the
last decades (e.g., [23,25,28-30]), attributed to the associated pronounced increase in the
summer air temperature in the area (e.g., [27,29,30]). Moreover, the days associated with
high discomfort levels have shown a prominent increase (e.g., [23,25,31,32]) and have led
to a longer summer over the years [31], indicating an increase in heat-related risk.

Similar results were found from limited studies that have examined the climatology
of heatwaves over several areas of Greece. Indeed, Kuglitsch et al. [27], using ~20 sta-
tions over Greece, found a slight increase in heatwave indices (mean heatwave intensity;,
heatwave length, and heatwave number) from 1969 to 2006. Tolika [26] found that the
warm spells have become more frequent in 14 stations in the Greek region over the period
from 1958 to 2018, and showed that the longer-lasting warm spells have a lower frequency.
Finally, Founda et al. [33] reported that the period of occurrence of extreme heat events has
elongated over the year, using 10 stations in Greece from 1960 to 2010.

Adopting the significance of changes in heatwaves with respect to the thermal stress
in the Greek population, the aim of this study is to explore and quantify the contemporary
variability and trend of the heatwave characteristics, and other indices related to the human
body’s thermal sensation. The present study, compared to the existing literature,

(a) focuses on changes in several heatwave indices (i.e., heatwave intensity, duration,
peak temperature), not only to the number of heatwaves, and

(b) provides a heatwave climatology over all regions in Greece that is not restricted to
specific towns.

This paper is structured as follows: Section 2 presents the used dataset and the adopted
methodology, Section 3 provides the results, and Section 4 presents the conclusions and the
future prospects of this study.

2. Materials and Methods
2.1. ERAS5 and ERA5-Land Re-Analysis Datasets

The ERAS is a state-of-the-art global atmospheric reanalysis dataset produced by the
European Centre for Medium-Range Weather Forecast’s (ECMWEF), covering the period
from January 1950 to the present. It is based on the Integrated Forecasting System (IFS)
and is the result of the assimilation of observations (meteorological and satellite) through a
four-dimensional variational analysis (4D-Var). 4D-Var has a higher accuracy compared to
the previously used three-dimensional variational scheme it can assimilate asynchronous
observations, however it requires the development of an adjoint model (computationally
expensive). More details about the 4D-Var can be found in [34] and [35]. The ERAS provides
an extensive number of atmospheric, land, and oceanic variables on an hourly step. The
horizontal resolution of the dataset is ~30 km, while the vertical resolution compromises
137 levels from the surface up to a height of 80 km. This dataset, and more specifically the
temperature at 850 hPa, was used for the computation of hot hours per year.

The ERA5-Land provides a detailed view of the evolution of land variables [36]. It has
been produced by implementing a series of improvements regarding the land component
with respect to the climate reanalysis model of ECMWEF ERAS5. The available data span
from 1950 until the present in an hourly step, with an enhanced resolution of 0.1° x 0.1°
(~10 km) compared to ERAS climate reanalysis.

The atmospheric forcing built for ERA5-Land is derived from ERA5 near-surface
parameters and flux fields. The variables air temperature, humidity, and pressure are
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corrected for the altitude differences between ERA5 and ERA5-Land grids. The land
surface model version used in ERA5-Land is the Carbon Hydrology-Tiled ECMWEF Scheme
for Surface Exchanges over Land (CHTESSEL; [37]).

For the computation of averages and trends of heatwaves, time series of hourly 2 m dew-
point temperature, 2 m temperature, and 10 m wind speed for the region of Greece (18 E-29 E
and 34 N-42 N; Figure 1) were extracted from the ERA5-Land dataset, which is available to
download from https://cds.climate.copernicus.eu/ (accessed on 12 October 2021) [38]. The
three variables were calculated from the vertical interpolation of the corresponding values
between the Earth’s surface and the lowest model level (level 137, 10 m above the surface).
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Figure 1. Elevation map of the study area along with the divisions of Greece.

2.2. Methods

Despite the numerous efforts to provide a robust heatwave definition, the scientific
community lacks consensus on a formal, standardized definition, as heatwaves are de-
pendent on the local climatology (e.g., [13,39]). Generally, a heatwave is defined as a
period of excessively high near-surface air temperature relative to those normally expected
(e.g., [8,26]). Depending on the sector of interest and the data availability, a heatwave can be
defined by climatological values of certain meteorological parameters (i.e., maximum, min-
imum, or mean daily temperature, humidity; e.g., [23,40]) or the use of human bioclimatic -
biometeorological indices (e.g., [25,41]). The duration of a heatwave used in the literature
varies from a minimum of two (e.g., [42]) to six days (e.g., [43]). Intensity thresholds can be
defined either by absolute (i.e., maximum temperature above 37 °C; e.g., [24]) or relative
approaches (i.e., daily temperature above the 80, 90, or 95th percentile of the local climate;
e.g., [44,45]). The methods based on relative approaches have the advantage of possible
comparison among regions with different climates [46]. Furthermore, a large number of
studies have analyzed percentile thresholds computed from 5, 15, or 31-day windows
centered on each calendar day, creating a relatively smooth cycle of percentile thresholds
for each calendar day (e.g., [47,48]).
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In this study, the identification and determination of heatwaves are based on two
different threshold criteria:

(a) the 95th percentile of the maximum daily temperature, and

(b) a modified version of the Excess Heat Factor index (EHF; [49]).

If both of these thresholds were exceeded for at least three days to a specific grid
point, this period was considered as a heatwave. More precisely, the 95th percentile of the
maximum daily temperature was computed based on the selected reference period (here
we used 1981-2010 period) for each region.

The EHF provides an estimate of the accumulated heat excess based on two
separate indices:

(a) heat excess: modified Significance Excess Heat Index (EHI;g), a comparison of the
three-day average daily mean temperature (computed as the average the maximum and the
minimum temperature occurred in the 24-h period) with the 90th percentile mean temperature
(Top) of the selected reference period in a specific location. This component determines if a
particular day is unusually warm (positive values) compared to the local climate.

EHIig i = (T; + Tiy1 + Tis2)/3 - Tog (1)

where T; is the daily mean temperature.

The 90th percentile value is defined from 31-day windows centered on each calendar
day. Thus, for each day, a percentile value is computed from a distribution of 930 values
(30 years x 31 days) on each calendar day.

(b) heat stress—Acclimatization Excess Heat Index (EHI,.); a measure of the human
acclimatization to their local environmental climate. This index compares the three-day
average daily mean temperature with the average temperature over the preceding 30 days.

EHI a1 = (Ti + Tiq + Titp)/3 — (Tiq + ... + Ti30)/30 ()

Thus, the EHF is computed by the multiplication of these previous indices as shown
in the following formula:

EHF; = EHlig i - max(1, EHIca11) 3)

where the expression “max(1, EHI,;)” implies that the EHljg; is amplified only when
EHI, . is greater than 1. Consequently, a heatwave episode is present if the EHF is positive
for at least three consecutive days.

For this study, we used the mean apparent temperature (AT), an index of human
discomfort, instead of mean air temperature, computed by this formula [50]:

AT = —2.7 + 1.047- T4 + 2.0- e — 0.65 uyg @)

where T, is the 2m temperature (°C), uy is the wind speed at 10 m above the ground (ms~')
and e is the vapour pressure (hPa). The vapor pressure is estimated according to Alduchov
and Eskridge [51]:

e = (RH/100)-6.105-¢ (1727 T)/(237.7+T) (5)

while the relative humidity (RH) is computed by the formula [52]:
RH =100 ((112 — 0.1T + Td) / (112 + 0.9T))® (6)

In order to characterize the severity and the persistence of the heatwaves, we calculated
a range of indices for heatwaves such as the frequency, the maximum temperature, the
annual number and the duration. Additionally, we computed indices related to the human
comfort such as the combined hot days and tropical nights, and the exceedance of AT
threshold following the approach of previous studies (e.g., [43,53]). The analysis of the
heatwave characteristics is represented in Table 1. For the needs of this study, average values
of heatwave intensity (HWI), heatwave peak temperature (HWA), and heatwave duration



Climate 2023, 11,5

50f23

(HWD) were calculated only for years where at least one heatwave occurred, whereas
averages of heatwave day frequency (HWEF), heatwave number (HWN), combined hot days
and tropical nights (CHT), and exceedance of AT threshold (AT41C) were calculated across
the whole time period.

Table 1. Definition of heatwave indices.

Index Abbreviation Definition Unit

Heatwave intensity HWI Sum of EHF on heatwave days °C?

Heatwave peak

HWA Highest mean AT per summer °C
temperature

Number of days meeting the
Heatwave day frequency HWF heatwave criterion relative to the %
number of days in a year

Heatwave number HWN Number of heatwaves per summer  heatwaves
Heatwave duration HWD Duration of the longest heatwave days
per summer
Combined hot days and Numbe.r of st;mmer daxs with Tmax
. . CHT exceeding 35°C and Tmin exceeding days
tropical nights o
25°C
Exceedance of AT Number of summer days AT
threshold AT41C exceeding 41°C days

It must be noted that for the computation of CHT, we used the 25 °C lower limit
threshold instead of 20 °C, which is often used, as these nighttime temperatures are very
common in the area during summer [43]. In addition, the threshold of 41 °C at the AT41C
index was based on the scale of AT, presented by Overcenco and Pantea [54], where AT above
41 °C is related to intense and dangerous discomfort (e.g., heat exhaustion, heatstroke).

For the needs of the trend analysis, the Theil-Sen method [55] and the Mann-Kendall
non-parametric test [56] were used for the estimation of the slope of the trend and the
computation of the statistical significance at the 95% confidence level. The Mann-Kendall
non-parametric test (confirmation of positive or negative trend) was selected, as it does not
require a normally distributed dataset, nor it is affected by several factors such as missing
data, outliers, or length of the time series.

3. Results
3.1. Climatology of heatwave indices

Figure 2 shows the spatial distribution of the averaged HWI in summer for the period
1950-2020. As was expected, the HWI presents larger values across the country’s mainland
compared to the islands. The HWI hot spots are located in Attica, the eastern parts of
Central Greece, Central Thessaly, and the eastern parts of Eastern Macedonia and Thrace.
Similar spatial distribution is observed when we use as an intensity index either the
computation of the heatwave magnitude index [26], which refers to the average conditions
of all heatwaves of the year (the sum of EHF on heatwave days, divided by the number of
heatwave days) or the computation of the maximum EHF per heatwave [26] (not shown).
It should be noted that the highest values of HWA are found in Attica, Central Greece,
Thessaly, and Central Macedonia, while the lowest are in the mountainous areas, where
HWA ranges from 21 °C to 36 °C (Figure S1). It is worth mentioning that the spatial
distribution of HWA is in agreement with studies focusing on temperature and extreme
temperature indices (e.g., [57-59]).
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Figure 2. Spatial distribution of averaged HWI (°C?) based on all heatwave events calculated from
ERA5-Land during the period 1950-2020.

The spatial distribution of the averaged HWF and HWN in summer follows the same
pattern (Figures 3 and S2). The HWN ranges from 0.30 to 1.16 heatwaves per summer, and
HWEF from 0.35 to 1.44 % days per year. Lower values of heatwave events are found in the
islands of Greece. The HWF and HWN hot spots are located mainly in the mountainous
areas in Epirus, central Peloponnese, and Western Macedonia. The higher number of
heatwave events in these areas, compared to the lower values found in the large cities
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of Greece (e.g., Athens, Thessaloniki), is related to the combined effect of the lower 90th
percentile threshold of AT and the increasing temperature due to climate change. Indeed, a
higher frequency of heatwaves in mountainous areas than in the lowlands has also been
reported in other areas such as Romania [60] and Iran [61]. It must be noted that the
calculated frequency of the heatwaves is strongly related to the heatwave criteria. The use
of a fixed temperature threshold leads to a lower HWF in mountainous areas (e.g., [62]),
while the percentile temperature threshold allows studying heatwaves in mountainous
regions [63]. It is noteworthy that in some mountainous regions, such as Epirus and Western
Macedonia, the HWTI is lower (Figure 2), thus the heatwaves in these areas tend to be more
frequent and mild. Furthermore, the mean HWD is almost 5.23 days per summer, while
the longest heatwaves are found in Western Greece and the Ionian islands (Figure 4).
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Figure 3. Spatial distribution of averaged HWF (%) based on all heatwave events calculated from
ERA5-Land during the period 1950-2020.

As was expected, the indices AT41C and CHT present higher values in areas where
the largest cities of Greece are located, such as Attica, Central Macedonia, and Thessaly
(Figures 5 and S3). The higher values in these indices are associated with the factors
that modulate the urban climate. The urban structure and composition affect the local
climate by changing the surface energy budget, increasing the anthropogenic heat release,
and reducing evaporative cooling. Indeed, the thermal stress is more pronounced in

urban areas, leading to higher mortality rates in urban areas compared to the natural ones
(e.g., [11,64,65]).
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Figure 4. Spatial distribution of averaged HWD (days) based on all heatwave events calculated from
ERA5-Land during the period 1950-2020.
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3.2. Trend analysis of heatwave indices

Mean HWI and HWA values present an increasing trend in summer for the period
1950-2020 (Figures 6 and S4). Indeed, HWA increases with an average rate of 0.07 °C per
decade, while the HWI increases with an average rate of 0.16 °C? per decade (Table 2). The
maximum values are found in the areas of Epirus, West Macedonia, Attica, and Central
Macedonia. In a few areas, such as the island of Crete and Peloponnese, the trend of HWI
and HWA is decreasing, but the values are not statistically significant. These results confirm
previous studies that highlighted an overall warming trend in Greece (e.g., [30,66]).
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Figure 6. Spatial distribution of summer HWI trend (°C? per decade) calculated from ERA5-Land
during the period 1950-2020. Dots indicate significant trends at the 95% level.

Table 2. Trends and R? over Greece for the period 1950-2020. Bold values indicate significance at the
95% confidence level.

Index Trend value R?
HWI 0.16 °C? per decade 0.69
HWN 0.28 days per decade 0.61
HWD 0.26 % per decade 0.62
AT41C 1.03 days per decade 0.54

Figures 7 and S5 show the spatial distribution of the trend of HWF and HWN in
summer for the period 1950-2020. There is an overall increasing trend in the whole region
of Greece which ranges from 0.05 to 0.59 % per decade, and 0.02 to 0.36 heatwaves per
decade for HWF and HFN, respectively. The greater values are found in Central Macedonia,
Epirus, and West Greece. In the same regions, an increasing trend in HWD is also found
(Figure 8). Almost neutral to slightly negative values in the HWD trend are found in the
area of Attica and West Macedonia. Overall, an average trend of 0.28 days per decade
occurred in Greece (Table 2).
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The spatial distribution of the trend of AT41C and CHT, in summer for the period
1950-2020, follows a similar pattern (Figure 9 and Figure S6). The values of both indices
are slightly positive in the greater part of Greece. The hot spots are found in the areas of
Central Macedonia, Thessaly, West Greece, and Attica, where trend values of CHT and
AT41C reach 4.07 and 1.67 days per decade, respectively. The hot spot regions are in
line with Giannaros et al. [67] who studied the trend of a thermal index (physiologically
equivalent temperature) in the Euro-Mediterranean region for the period 1987 to 2016.
Additionally, previous studies that have examined the temporal evolution of thermal
stress with various indices, such as predicted mean vote index, physiologically equivalent
temperature, heat index, and humidity index, in the area of Athens reported an increase in
heat-related risk throughout the years and an increase of the heat stress levels in the recent
decades [25,31,32,68]. This higher increasing trend in heat stress indices in the main cities
is related to the changing characteristics of the urban environment throughout the years.
Indeed, the size, shape, and higher population densities of a city can increase the need for
energy consumption, and thus exacerbate the urban heat island effect and the associated
high temperatures occurring during a heatwave event [69-73].
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Figure 9. Spatial distribution of summer AT41C trend (days per decade) calculated from ERA5-Land
during the period 1950-2020. Dots indicate significant trends at the 95% level.

3.3. Geographical extend of areas affected by heatwaves

Figure 10 shows the percentage of the land area of Greece that experiences at least
one heatwave per year (asterisks) along with a nine-year weighted average (thick black
line) and the trend line. Thus, the percentage of land points where a heatwave occurred
presents large fluctuations in the examined period, where it can reach up to 100% of
the land points in precise years such as 1999, 2007, and 2012. Indeed, these years were
associated with extreme temperature conditions. The year 1999 was related to a northward
shift of the exit of the jet stream compared to its climatological location, resulting in
large positive anomalies in temperature all through the summer months [30,59]. Summer
2007 was an abnormally warm summer for many areas of the Balkan Peninsula, where
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record-breaking temperatures have been observed [26,74-77]. It was associated with the
dominance of strong anticyclonic conditions, an anomalous displacement of the axis of the
jet stream, and a prolonged drought period [78]. It is estimated that the summer of 2007
has similarities with summers that will be occurring in the future in the Mediterranean
area [26,78]. The year 2012 is considered one of the warmest years all over the world
according to the World Meteorological Organization [26], where a high frequency of heat
extremes occurred in Greece [77,78]. This was associated with consecutive heatwaves
corresponding to +3 standard deviations in the daily maximum air temperature in Athens,
compared to the reference period of 1971-2000 [24] and increased exposure time to excessive
heat [68]. Furthermore, these years are related to the warmest types of the spatial synoptic
classification, namely dry tropical and moist tropical [79], as is evident by the relevant data
provided for Greek sites which are available online at http://sheridan.geog.kent.edu/ssc3
.html (accessed on 10 December 2022).
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Figure 10. The annual values of the percent of land area of Greece that experiences at least one
heatwave per year (black star) calculated from ERA5-Land during the period 1950-2020, plotted
together with a 9-year Gaussian low-pass filter (black thick line) and trend line calculated at the 95%
significant level (red line).

Furthermore, it is noteworthy that the mean percent of land points that experience a
heatwave was 37% before 1990, while it increased to 62% after it, which means that there is
an expansion in the areas that experience unusually high temperatures after 1990. Indeed,
the trend value of the percent of land points related to heatwaves is 4.7% per decade.
This is consistent with studies in the increase of heatwave land coverage over the 20th
century (e.g., [80-82]). Robinson et al. [80] showed that the land points experiencing heat
extremes associated with three and four standard deviations above the climatological mean
monthly temperature have showed an almost 90-fold and 1000-fold increase, respectively,
over 2011—-2020 compared to 1951—1980. Similar results were presented by Coumou and
Robinson [81], who reported that moderate extreme events (i.e., 1- and 2-sigma events)
can be detected in 40% and 15% of the global land surface (mainly concentrated in the
Mediterranean area) over 2011—2020, compared to 1980 where they were first detected in
only a few areas. Besides, Hansen et al. [82] found that extremely hot summers occurred in
about 10% of the global land area, compared to less than 1% over the period 1951 to 1980.


http://sheridan.geog.kent.edu/ssc3.html
http://sheridan.geog.kent.edu/ssc3.html

Climate 2023, 11,5

13 of 23

Furthermore, Zampieri et al. [83] found that the land area associated with moderate and
extreme heatwave occurrence has almost tripled in the decade 2001-2010, compared to that
computed in the beginning of the 20th century.

3.4. Monthly distribution of days meeting the heatwave criterion

Changes in the lengthening of the season of hot weather have recently received
attention from the scientific community. Implications of these changes can have cascading
effects, such as increase of cooling demand, increase of the high-risk fire period, and earlier
onset and later closing of the touristic period, which must be taken into account by local
authorities and stakeholders.

The average monthly variation of heatwave days (days that meet the heatwave criteria)
per decade is shown in Figure 11. As shown, the heatwave days were observed mainly in
July and August until the 2000s. In the last two decades the overall temporal occurrence of
heatwaves has changed, as the number of heatwaves in June showed a prominent increase.
This is associated with the expansion of the period of occurrence of heatwaves events,
as a consequence of the earlier date shift of their first occurrence reported in previous
studies (e.g., [28,33,84,85]). Indeed, Christidis et al. [85] found a noticeable increase in the
growing season length from 1950 to 1999 on a global scale due to earlier onset, attributable
to anthropogenic global warming. In addition, Founda et al. [33] reported a statistically
significant trend in the lengthening of the season of very hot days (Tmax > 37 °C) in Athens
(Greece) since the mid-1970s. Similar results were found by Papanastasiou et al. [28] who
noticed that the heatwave days were spread across the whole summer over the period
1990-2010 in Athens. Overall, a strong increasing trend of the heatwave days is noticed
during all months, and the trend value reaches 0.25, 0.43 and 0.26 heatwave days per
decade for June, July, and August, respectively. It is noteworthy that in the last decade
an rapidly increasing trend in the average number of heatwave days in July and August
occurred, where the average number in heatwave days almost doubled.

Li L]

Average number of heatwave days

June July August

Figure 11. Average numbers of summer heatwave days per decade for Greece calculated from
ERA5-Land during the period 1950-2020.
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3.5. Analysis of heatwave characteristics in selected cities

In this section, a temporal analysis of the heatwave characteristics is presented for
four cities of Greece: Thessaloniki, Larissa, Athens, and Heraklion. Before, the study
of heatwaves characteristics, we performed an analysis based on warm hours per year
computed from ERA5 data. With precision, we assessed and ranked the warmest summer
periods from a synoptic point of view, by applying a warm hour metric on hourly ERA5
reanalysis data during 1950-2020 and for the summer period (June-August). A warm
hour was defined as the hour that the temperature at 850 hPa pressure level in a given
location exceeds the 90th percentile of the multi-year climatology (to reduce the day-to-day
variability we smooth the 90th percentile of the climatology by applying a gaussian filter).

In Thessaloniki (Northern continental Greece), we found that the hottest summer
period was 2012 with more than 700 warm hours, followed by 2007 and 2017 with more
than 500 warm hours (Figure 12a). Additionally, in Larissa (Central continental Greece)
we found that 2012 was also the hottest summer period, with more than 650 warm hours
followed by 2007 (Figure 12b). On the other hand, in Athens (Southern continental Greece),
the hottest years were 1956, with more than 500 warm hours and 2007, with more than
450 warm hours (Figure 12¢). Finally, in Heraklion (Southern Greece), the warmest year was
1956, with more than 500 warm hours followed by 2007, with more than 400 warm hours
(Figure 12d). This analysis shows that high latitude areas experience longer temperature
deviations compared to the southern parts of the country, even though the temperatures are
not as high as in the south. These longer temperature extremes across the higher latitudes
compared to the lower latitudes are primarily attributed to the meridional temperature
differences in the 90th percentile of the multi-year climatology, with lower values in the
north compared to the south. Thus, given the relatively homogeneous air masses that cover
the country during a heatwave event, the exceedance of the local 90th percentile across the
higher latitudes is longer compared to the lower latitudes.

Furthermore, it should be noted that despite the ranking differences, we are still able to
identify the global warming footprint in this part of the globe, where apart from Heraklion,
some of the hottest summer periods have been observed in the last 15 years.
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Figure 12. Temporal evolution of warm hours per year calculated from ERA5 (850-hPa tempera-
ture) during the period 1950-2020 for four selected cities (a) Thessaloniki, (b) Larissa, (c) Athens,

(d) Heraklion.
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3.5.1. Thessaloniki

The city of Thessaloniki has experienced 56 heatwaves over the period 1950-2020,
while 75% of them were observed during the period 1990-2020 (Figure 13). The average
HWN is 0.76, while it has increased by 72% in the last three decades. The HWN presents a
statistically significant increasing trend, with 0.3 heatwaves per decade and the maximum
value occurring in 2012 (Figure 13). The study of the frequency of heatwave days per
month showed that 23% occurred in June, 39% occurred in July and 38% occurred in
August (not shown). The HWD also presents an increasing trend that is statistically
significant (0.4 days per decade; Figure S7). The HWD ranges from 3 to 12 days, while the
longest event occurred in 2017. The averaged HWI is related to a positive trend (1.56 °C?
per decade; Figure S8), whereas the three most intense events occurred in 1987, 1988 and
2016. Thessaloniki presents a higher number of ATC41C compared to other selected cities,
with values reaching 65 days (Figure S9). The trend ATC41C is positive and statistically
significant (3.8 days per decade). The 59% of heatwave days related to ATC41C occurred in
the last three decades.
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Figure 13. Heatmap of the temporal evolution of HWN (heatwaves) for selected cities calculated
from ERA5-Land during the period 1950-2020. The color bar indicates the number of heatwaves
per year.

These findings confirm the previous study of Kuglitsch et al. [27] who showed in-
creasing and statistically significant trends in the indices: heatwave intensity, heatwave
number, and heatwave length (0-0.5 °C/decade, 0-0.5 days/decade, 0-0.1 days/decade),
in the period 1960-2006. Our results are also in agreement with Tolika [26], who found a
statistically positive trend in the EHF days (+0.58 days/year) over the period 1958-2012,
and highlighted that the maximum number of positive EHF days was found for 2012.

3.5.2. Larissa

The total heatwaves events that occurred in Larissa was 46 throughout the period of
study. The average HWN is 0.6 events per year, while 63% of them were observed during
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the period 1990-2020 (Figure 13). The HWN present an increasing trend (0.16 heatwaves per
decade), which is statistically significant over the period 1950-2020 (Figure 13), while the
year that the maximum values of the HWN occurred is 2012. The months associated with
the larger number of heatwave days are July and August (~83% of the days; not shown).
The averaged HWD ranges from 3 to 11 days (Figure S7). The most prolonged event lasted
11 days and occurred in 2012. The HWD are increasing by 0.18 days per decade. The most
intense heatwave events occurred in 1987 and 1988, when the HWI reach up to ~227 °C?
(Figure S8). The AT41C present a high increasing trend (2.34 days per decade) throughout
the period of study, while 53% of heatwave days occur from 1990 to 2020 (Figure S9). The
AT41C ranges from 7 to 57 days. The averaged AT41C were by 31% higher than for Athens.
The AT41C present a high increasing trend (2.34 days per decade) throughout the period of
study, while 53% days occur from 1990 to 2020 (Figure S9).

It is noteworthy that these results are in accordance with Kuglitsch et al. [27] who
found that the trends of heatwave intensity, heatwave number, and heatwave length are
positive (0-0.5 °C/decade, 0-0.5 days/decade, 0-0.1 days/decade), although not statistically
significant, over the period 1960-2006. In addition, Tolika [26] showed that there is a positive
trend in the EHF days (+0.44 days/year; statistically significant) over the period 1958-2012.
Besides, Tolika [26] also found that the maximum number of days associated with positive
EHF values are in the year 2012.

3.5.3. Athens

For the area of Athens, 51 heatwaves were identified for the period 1950-2020, and
61% of the events occurred after 1990 (Figure 13). Thus, while the average number of
heatwaves is 0.7 per year from 1950 to 2020, the average number of heatwaves is 1.1
and 1.3 heatwaves per year in the 2000s and 2010s, respectively. The increasing trend of
the number of heatwaves is 0.1 heatwaves per decade (statistically significant), while it
accelerated after 1990. The highest number of heatwaves was observed in 2007 and 2010
when three and four heatwave events occurred.

The frequency of heatwave days per month indicated that 18.5% occurred in June,
41.9% occurred in July and 39.6% occurred in August (not shown). The HWD ranged
between 3 to 10 days, while only one heatwave was detected with a 10-day duration,
followed by two and three heatwaves with a 9 and 8-day duration (Figure S7). The
maximum decadal average HWD was observed in the 2010s with almost 6 days duration.
The HWI ranged from 1.6 °C2 to 96.3 °C? (Figure S8). The most intense heatwave was
detected in 1987, while the second in 2007, both associated with prominent consequences
to the population (e.g., [86-88]). It must be mentioned that 10 out of the 15 top ranked
heatwaves based on HWI occurred after 1980. The overall trend of AT41C is 1.8 days per
decade, whereas a small decrease is observed in the values of AT41C in the 1970s, while
greater values occurred from 1990 and after (Figure S9).

These results are in accordance with previous studies that examined the heatwave
occurrence in Greece (e.g., [23,25,28]). Indeed, Katavoutas and Founda [23] found 46 heat-
wave events from 1960 to 2017, with an average number of 0.8 HWs per year and HWD
ranging from 3 to 11 days. They also pointed out that the HWF increased markedly after
the mid-1980s. Papanastasiou et al. [28] pointed out that there is a prominent increase in
the intensity, the duration, the number of heatwaves, and the daily maximum temperature
since the 1990s in Athens, while the highest number of heatwave events for the analyzed
period was observed in 2007. In addition, Founda and Giannakopoulos [78] reported a
pronounced increase in HWF after 1998. Matzarakis and Nastos [25], using PET to identify
heatwaves in Athens for the period 1955-2001, showed that the trends of the number and
the maximum duration of heatwaves are 0.26 heatwaves per year and 1.33 days per year
since 1983, respectively. Founda [29], reviewing scientific studies extending from the mid-
dle of the 19th century to 2010, concluded that the most intense heatwaves that occurred in
Athens were those of the summer of 1987 and 2007.
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3.5.4. Heraklion

The city of Heraklion has experienced 49 heatwaves over the period 1950-2020, and
61% of them occurred in the last three decades (Figure 13). Indeed, the average number of
events per year was 0.5 before and 1 after 1990. The trend of HWN is 0.14 heatwaves per
decade and is statistically significant throughout the period of study, while the years that
the maximum values of HWN occurred are 2007, 2010 and 2012. The ~77% of the heatwave
days occurred in July and August (not shown). The HWD presents a stable neutral trend,
while the averaged HWD is 4.4 days (Figure S7). The longest event lasted 11 days and
occurred in 2010. The average value of HWI is ~21 °C?, and while it presents a slightly
decreasing trend, it is not statistically significant (Figure S8). The most intense heatwave in
terms of HWI occurred in 1969. The temporal evolution of AT41C presents a significant
increasing trend during the period of study (Figure S9). The 54% of days associated with
AT41C occurred during the period 1990 to 2020.

The results are in agreement with Kuglitsch et al. [27], who reported a decreasing
trend in heatwave intensity (not statistically significant) and increasing trends in the
heatwave number and heatwave length (0-0.5 days/decade, 0-0.1 days/decade), although
not statistically significant, over the period 1960-2006. In addition, Tolika [26] found
an increasing trend in the days associated with positive EHF values (+0.41 days/year;
statistically significant) for the period 1958 to 2012. The difference in the magnitude of the
trend value between Tolika [26] and our study is related to the different definitions used
in these two studies. Tolika [26] defined heatwaves as consecutive days of positive EHF
values without taking into account a severity threshold [13]. In that way, the number of
heatwave days is significantly greater per year.

4. Discussion and Concluding Remarks

In this paper, a climatological and trend analysis of heatwaves in Greece (18 E-29 E
and 34 N-42 N) was performed. For this purpose, we analyzed the ERA5-Land reanalyzes
dataset over the period 1950-2020, with an enhanced resolution of 0.1° x 0.1°. A heatwave
was identified as a period of at least three consecutive days where a) the daily maximum
temperature was above the 95t percentile of the climatological maximum daily temperature
and b) the modified version of EHF was positive.

Analysis of the summer patterns of heatwaves over the area revealed that Greece
experiences almost 0.7 heatwaves per summer from 1950 to 2020, which increased to
1.1 heatwaves per summer from 1990 to 2020. The duration of the detected heatwaves
ranges from 3.7 to 7.5 days, while the HWI and the HWA can reach up to 56.2 °C2 and
35.7 °C, respectively. Furthermore, the trend analysis of the heatwaves revealed an overall
positive trend for the period 1950 -2020 for all indices. The heatwave hot spots are located
in Attica, in the west part of Central Greece, Central Thessaly, and in the west area of
Eastern Macedonia and Thrace. It is worth mentioning that over the mountainous areas
of Greece, heatwaves are more frequent but have lower intensities than over the other
areas. The heatwaves associated with longest duration were found in Western Greece and
the Ionian islands. The indices related to heat stress (CHT and AT41C) present higher
values and increasing trends in areas where the main cities of Greece are located. These
findings for Greece are in accordance with the results reported in other studies in Europe
(e.g., [11,42,58,60]).

The analysis also showed that the surface of Greece that experiences at least one
heatwave per year has almost doubled after 1990, in agreement with other studies focusing
on the expansion of the spatial extend of the areas affected by heat extremes (e.g., [80,83]).
Indeed, the mean percent of land points that experience a heatwave was 37% before 1990,
while it increased to 62% after it. Besides the spatial expansion of the areas affected by
heatwaves, an increasing trend in the number of heatwaves days that occurred in June was
shown in Greece over the examined period.

In addition to addressing the heatwaves climatology and trends at a country level,
a similar analysis was performed focusing on the four major cities of Greece in terms of
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population spanning from north to south of Greece, namely Thessaloniki, Larissa, Athens
and Heraklion. The synoptic analysis of warm hours per year in ERA5 data for these
four cities reveals meridional differences in both intensity and duration. It is noteworthy
that during the most recent 30-year period (after 1990) the heatwave number per year is
higher and ranges from 1.18 to 1.77. The months associated with the maximum number
of heatwaves were July and August. It must be noted that the heatwave characteristics
in the city of Heraklion are different from the general pattern observed in the rest of the
cities (i.e., lower values in the number of heatwaves and in the number of summer days AT
exceeding 41 °C, and decreasing trend in the highest mean AT per summer). This pattern
may be attributed to the coastal location of the city. Indeed, Founda et al. [33] highlighted
that coastal stations such as Heraklion did not present an earlier shift of the date of the first
occurrence of hot days (days when daily maximum temperature exceeds 35 °C) compared
to other examined stations.

The work presented here on conditions and characteristics of heatwaves is a necessary
contribution to the next steps of the implementation of adaptation measures associated
with heat-related health risks in Greece. Further research should focus to a thorough
understanding in the exposure and vulnerability to heat. It has already been shown that
high temperatures associated with heatwaves could lead to increased mortality in several
European countries (e.g [8,14,22]). It is in the author’s prospects to build a successful heat
warning system involving the human cost of extreme heat events in Greece, in order to re-
duce the risks of the associated socio-economic threats through the effective implementation
of preparedness adaptation plans from local authorities.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/¢li11010005/s1, Figure S1: Spatial distribution of averaged HWA
(°C) based on all heatwave events calculated from ERA5-Land during the period 1950-2020; Figure S2:
Spatial distribution of averaged HWN (heatwaves) based on all heatwave events calculated from
ERA5-Land during the period 1950-2020; Figure S3: Spatial distribution of averaged CHT (days)
based on all heatwave events calculated from ERA5-Land during the period 1950-2020; Figure S4:
Spatial distribution of summer HWA trend (°C per decade) calculated from ERA5-Land during the
period 1950-2020. Dots indicate significant trends at the 95% level; Figure S5: Spatial distribution
of summer HWN trend (heatwaves per decade) calculated from ERA5-Land during the period
1950-2020. Dots indicate significant trends at the 95% level; Figure S6: Spatial distribution of summer
CHT trend (days per decade) calculated from ERA5-Land during the period 1950-2020. Dots indicate
significant trends at the 95% level; Figure S7. Temporal evolution of HWD (days) for selected cities
calculated from ERA5-Land during the period 19502020 (circle marker), plotted together trend
line (dashed line); Figure S8. Temporal evolution of HWI (°C2) for selected cities calculated from
ERA5-Land during the period 1950-2020 (circle marker), plotted together trend line (dashed line);
Figure 59. Heatmap of the temporal evolution of AT41C (days) for selected cities calculated from
ERA5-Land during the period 1950-2020.
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